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1. The Systems Background for Satellite Communication Antennas

by J.C. Arnbak.

So soft and uncompounded is their essence pure ...
In what shape they choose
Dilated or oondenged, bright or obscure
Can execute their aery purpoees
John Milton: Paradise Lost.

1.1. Introduction

A modern satellite system combines very diverse technical aspects ~ e.g. a
mission in space, a responsive service to all its users, and electromagnetic
compatibility (EMC) with many other systems in need of access to the radio
spectrum and the most attractive satellite orbits. As a result, many
designers of satellite communication antennas feel expelled from the pure
paradise of classical antenna theory and cursed with a heavy concern with
more general system objectives to be achieved. Choice of any one antenna
parameter is likely to affect several other system parameters both inside
and outside the antenna subsystems of a satellite network. Such complex
interactions indeed require the modern antenna engineer to consider various
system questions of "why" - and not merely the component questions of "how' -
at each development stage of a high-performance satellite system. Even the
briefest glance at the increasingly prominent antenna farms of recent
satellite designs suggests that the advanced electromagnetic engineer may

be accused of having eaten from the tree of knowledge of good and poor system

technology.

The spacecraft designed for the Tracking and Data Relay Satellite System
(TDRSS) may serve as an example (Fig. 1). Located in their orbit some

36000 km above the Equator, these satellites will support a great variety of
missions at lower orbital altitudes, including Space-~Shuttle operatioms,
earth observation satellites and space telescopes. They can also provide
commercial service in a U.S. domestic communications network (Advanced
WESTAR). This versatility, which is intended to reduce operational costs, is

reflected in the very diverse antennas shown. Communication links with
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Fig, 1: View of NASA's Tracking and Data Relay Satellite (TDRS),
showing the diverse antenma types required to meet different

system requirements.

other space platforms can be supported either by the two large deployable
mesh reflectors (both working in two frequency bands) or by the phased arraj
of small S-band helices mounted on the face of the spacecraft body. Obvious-
ly, so different antennas are designed to different service requirements.
The single narrow beam of a 5~m reflector antenna can be pointed mechani-
cally to support the extremely high data rates characteristic of some remot%
sensing missions, Space-Shuttle payload releases or rendez-vous operations.f
However, simultaneous links to many widely separated orbiting platforms will
be established through the phased array, which is capable of forming and
scanning up to 20 separate beams. The beam gains and maximum data rates are
necessarily lower than with the large mesh reflectors; in return, simul-

taneous tracking of several platforms relieves these of a need to store




data for long periods while out of coverage of a ground tracking antenna or
one of the 5-m reflectors. Moreover, the adaptive beam forming from the
ground control centre can also be used to discriminate between platforms and
any localized source of radio interference. This is a matter of some im-

portance in the S-band where high-power radars may also be operating.

These aspects of the TDRSS space~to-space links will be dealt with in much
greater detail in a later Chapter. The present consideration of the related
antennas, and comparison with the three other reflector antennas in Fig. |
(which serve the various ground links) suffice to demonstrate the case in
point here: there are always intimate connections between general system
objectives on the one hand, and the specific antenna functions and designs

on the other hand. Different mission requirements and orbit constraints are
clearly seen to result in distinctly different antenna designs in Fig. 1.
This illustrates the necessity for the modern antemna designer to distinguish
different satellite services and describe spacecraft orbits and attitudes,

as dealt with in the following sections of this Chapter.

Of course the antenna realisation impacts back on the entire system design,
too. An example is the requirement for output RF power (and consequently for
the solar cells generating the DC power in the spacecraft), which may be
traded off for antenna gain. However, larger antennas and smaller solar
panels would also change the mass distribution and the torques set up by
incident sunlight and by radiated RF-power; hence, the attitude control of
the spacecraft would be affected. The small solar sail mounted on the same
boom as the D-shaped offset reflector seen in Fig. | just serves to balance
these minute radiation torques, so that the antenna pointing can be main-

tained with minimum fuel expenditure for active attitude control.

Thus, as antennas deployed in modern satellite systems have steadily in-
creased in size, complexity and number, this two-way linkage with systems
engineering is now confronting the antenna designer and requiring from him
an increasing grasp of system thinking. Seen in a more traditional per-
spective, any antenna was merely a transformer between guided and radiated
waves. Classical design methods based on this physical distinction may

actually, in the absence of consideration of the system context, attempt to



segregate (rather than link) the system functions of any antenna. Externally,
it should direct incoming or outgoing radioc waves in a certain way; inter-
nally, it should be a matched component of an electromic circuit. Viewed in
this familiar way, the antenna was just a prescribed interface between dis-
sociated physical realms in which separate design problems could be specifiec
and solved - at their best rigorously. Classical examples of such separated
problems are pattern synthesis, impedance matching, and power-handling

capability.

In their purest academic form, the classical approaches to antenna design
are based on the identification, solution and combination of highly idealizec
configurations (known as ''canonical problems” in electromagnetic theory),
which can serve as building blocks in the structuring of more involved
antenna shapes. The geometrical theory of diffraction [1] and the method of
moments [2] are presumably the best known examples of such building tech=-
niques for complex antennas. Far from abandoning these powerful combinations
of deductive mathematical physics and modern computational power, modern
satellite antenna engineering is exploiting them in the wider and more

demanding context of system engineering.

The many facets of modern aerospace systems in general, and of satellite
systems in particular, have increased the responsibility of the antenna
designer to be very conscious of his own contributions to (and possible
penalties imposed on) the functional performance and cost of a system in its
operational environment. This Chapter will focus on major elements of this
enviromment, in which any satellite system must function next to other man-
made systems and subject to both the many laws of Nature and those of the
national and international institutions regulating access to outer space and
the radio spectrum. The definitions and formulae given are intended to
provide general guidance and show major constraints relevant at all stages
of antenna engineering for satellite systems. The reverse problem, that of
the antenna influences on satellite systems and the associated optimum

trade—off parameters, will be dealt with in Chapter 8.




1.2. The necessity of a consistent internatiecnal terminology

Unfortunately, the terminology of satellite communications is not always
consistently used. Examples are the frequent confusions between terms as
(1) a spacecraft and a satellite

(ii) (geo)synchronous and (geo)stationary

(iii) the satellite itself and its related satellite service(s)

(iv) a satellite system and a satellite network

which may be partly overlapping, but are never synonymous. Such inaccuracies
may be troublesome in the study of the technical literature, and expensive
if used in procurement gpecifications for new satellite communications
equipment including antennas. More seriously, they may result in inter-
national misunderstandings in the registration, and in improper use, of

satellite communications traffic. The International Telecommunication_Union

({ITU) and its International Radio_Consultative Committee_ (CCIR) have there-
fore gone to great length in carefully defining a terminology for satellite
communications. This has been included in the Radio Regulations [3], to
which more than 150 nations are signatories. After all, telecommunications
in general - and satellite communications in particular - are a trans-
national affair, not only by transporting information accross frontiers, but
also by sharing the common radio spectrum and the common geostationary orbit.
Setting up and adhering to the rules for technical exploitation and pro—
tection of such limited resources requires an agreed terminology. As the
antenna engineer has considerable responsibility for providing the communi-
cation precisely where it is needed, and for avoiding any unnecessary losses
of information or traffic capacity, he is well advised in taking good notice

of and using the international terminology [3,4].

1.3. A few satellite terms and orbital definitions

o o e s o s 4 Sl T o s . e S T T P A, T o s

radiocommunication signals. It should be carefully noted that this inter-

nationally agreed definition excludes several space objects which might be



involved in communications, for instance

-~ deep space probes (the movements of which are normally determined by
several celestial bodies or which may escape their attraction completely),

- launch vehicles and rockets (which are active transportation systems movin
through the atmosphere while consuming internal: energy),

- natural objects capable of scattering RF signals (the Moon, meteor bursts)

The upperturbed_orbit of a satellite is the idealized path (relative to a

specified coordinate system) described by its centre of gravity, when it is
subject to only the central attraction of the primary body. In any specified

reference coordinate system having origin in the centre of gravity of the

primary body and axes fixed in relation to the stars (the_reference frame),
the unperturbed orbit is a conic section with the centre of gravity of the
primary body in one of its foci (Kepler's first law). Since the kinetic
energy of any satellite by definition is insufficient to escape the gravi-
closed. Thus, the conic section is an ellipse - including as a special case
a circle. The period of revolution is determined by Kepler's third law in

the reference frame

312
- a
T = 2H[u ] (1)

where a8 is the major semiaxis of the elliptic orbit, and u is constant for
all orbits around a certain primary body*. For the Earth, a currently

accepted value is

L = 3.986032.. x 10M%mos7% . (2)

its primary body, Tp (i.e., the period in any fixed reference coordinate

system), It should be noted that for the Earth, Tp is not 24 hours (the so-

called synodal period), because in one day, the Earth both rotates once

proithmusuiue g slfiacidashoiung

around its polar axis and also completes 1/365,24.. of the annual Earth

* U equals the product of the mass of the primary body and the universal
gravitation constant G. For a fuller treatment of classical Newtonian

mechanics applied to satellites, see [5,6].
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orbit around the Sun. Consequently, a geosynchronous satellite must have a

period
T =T = (1 - 1/365,24) x 26
- 86163,44 s 3)
~ 23M56M43

in any fixed coordinate system. If

nTp i on=2,3,4... ' (4)

—f
1

satellite has T and Tp interchanged in Eq. (4).

For an earth satellite, the reference irame is taken as a rectangular co-
ordinate system (0XYZ) with origin 0 in the Earth's centre of gravity; the
Z-axis coincides with the polar axis and is oriented towards the North. The

XY-plane is thus the equatorial plane of the Earth; its angle i with the

reference plane of the primary body (1 = OG). An orbit is polar, if the

‘orbit plane contains the polar axis of the primary body (i = 900). An orbit

S s e o s

Inclined or equatorial orbits in which the satellite's projection on the

equator plane of the primary body revolves in the same direction as the

primpriiphogimitias

0 . . . . . .
than 90°. Earth rotation is seen to assist the launching of satellites into

direct orbits. Orbits for which i > 90° are retrograde orbits.

A geostationary satellite is synchronous and, moreover, has an equatorial,

circular and direct orbit. (Note again that synchronous is often confused
with stationary: Polar and inclined orbits can be synchronous, but never

stationary).

* Fig. 5 on page 1.18 shows the general geometry.
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the Equator plane with radius

2/3U1/3

s
i

(Tp/2m)

42164.04 ... km : (5)

and its centre in the Earth's centre of gravity (Fig, 2).
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Fig. 2: Geostationary satellites planned or in service by 1980.
L0 stable longiltudinal equilibrium, Lu unstable longitudinal
equtlibrium,
The area on the Farth which is visible from a satellite is called its field

observation point in its FOV will have constant range and observation angles

to the geostationary satellite., Hence it is (relatively) easy for earth




antennas to acquire and track geostationary satellites.

It is obvious that the geostationary orbit is a limited natural resource. It
should be used as efficiently as possible to reduce mutual interference
between closely spaced satellites. The positions of greatest interest are
midway over oceans (for intercontinental and maritime traffic) and over land
(for regional or domestic traffic); this results in several satellite clus~
ters in the geostationary orbit (Fig. !). High antenna sidelobes of earth
terminals is one limiting factor in the occupation of such clusters. Another

is the inability to keep the satellites fixed relative to each other.

1.4, Perturbations and stationkeeping in the geostationary orbit

Unfortunately, the geostationary orbit is a wishful idealization. Once placed

there, a radio station‘onboard a satellite inevitably drifts away from its

desired position due to several small, but significant perturbing forces,

mainly

(a) solar and lunar gravity and radiation pressures which, if left uncor-
rected, cause a natural inclination of the orbital plane between 0.75°
and 0.95° in one year. This annual inclination increment has a long-term
periodicity of 17 years, the next maximum occurring in 1987 (0.95°fyearx

(b) asymmetric Earth potentials, caused by the non-spherical and inhomoge-
neous Earth. There are two points of stable equilibrium in the geo-
stationary orbit (at Lo A 105° W and L0 " 75° E longitude) and two un-
stable positions 90° away from these (Fig. 2); a satellite at any other

position will start to drift along the Earth Equator®*.

The necessary compensation of these forces is obtained by accurate firing of
reaction equipment {(thrusters, microjets) onboard the satellite in order to
keep it on station. Compensation of the inclination increments corresponds

to N-S stationkeeping and requires a thrust impulse perpendicular to the

[ ——"

* After their useful life, satellites may be 'buried' in one of the stable
minima to avoid drifting ‘ghost' spacecraft producing unnecessary radio
interference and radar disturbances in the management of the geostation—

ary orbit.
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orbital plane. E~W stationkeeping (as well as quick relocation to a differen!

satellite position in the geostationary orbit) are obtained by applying

thrusts in the orbital plane.

The new Radio Regulations [3] require of ITU members that satellites in the
geostationary orbit can be kept there with an E-W accuracy of better than
+ 0.1°, This is a considerable tightening of‘the previous regulation; the
reason may be guessed from a glance at the satellite congestions in Fig. 2.
However, except for future satellites to broadcast audio or television
directly to the gemeral public, ITU does not demand N-S stationkeeping at
present. As will be shown below, N-S corrections are considerably more cost~
ly in terms of fuel expenditure for the reaction equipment. Depending on the

extra cost to the ground system of earth terminals with tracking antennas

and receivers which are tolerant to the variations in transmission delay and
Doppler frequency shift caused by moderate N-5 movements, a satellite system
planner may therefore prefer not to correct the annual change of inclination
at all. Instead, the satellite is launched into a slightly inclined orbit

such that the inclination first decreases from imax to zero, and then again

increases to i 1f the planned lifetime of the satellite is TL years,

max’
then approximately

oo T (6)

i =
max av L

where iav is the natural annual change of inclination averaged over the life-

time TL' A typical value for long-lived satellites is iav = 0.86°.

In many modern satellite systems, N-S stationkeeping will be a requirement
due to the use of low-cost terminals without full antenna tracking capa-
bilities, or to problems with correct signal timing in digital networks. If
the small inclination angle to be cancelled is A1 (radians), the required
thrust impulse normal to the satellite orbital velocity vector g should

result in the change

-3
My = |V tan a1 = Vai (7)

For a geostationary satellite, the orbital speed is




_ 2ma _
V = —?g.- 3075 m/s (8)

iIf the plannedvuseful lifetime of the satellite is TL’ the sum of all velo-
city increments for N-S stationkeeping manoceuvres through the planned

operational life is

T

Mg =V O[ AT =V T A (9)
Assuming TL = 10 years and 1av = 0.86° gives AV = 460 m/s, indeed no trivial
velocity increase! This has implications for the extra fuel and mass at

launch of a satellite with N-S stationkeeping.

Concerning the unavoidable E~W stationkeeping in the geostationary orbit, the
most significant change of satellite longitude L due to Earth asymmetry is

given by the equation of motion
s 2 . n V
L + k® sin 2(L - LO) = (10)

where the measured value of the perturbation constant for attraction to the
nearest equilibrium (at LO) is k2 = 4.10.15 rad/sz. The dot operator de-

notes, as usual, a time derivative. Multiplying by 2L and integrating once,

we find
"2 2
(L)" - k® cos 2(L - Lo) = C; (11)

which gives the family of curves plotted in Fig. 3 for different values of
the integration constant Cl' For Cl > k2, the drift rate L of an uncontrolled
satellite is too high for an oscillation trapped around the stable point LO.
I?stead, the Earth is slowly encircled along the Equator, either eastwards

(L > 0) or westwards (i < 0).

However, for !Cll < k2, there will be turning points in Ehe orbit of an un-
controlled quasi-geostationary satellite, namely, where L = 0. In this case,
the satellite is trapped in an oscillation about the stable point of

equilibrium (6 = 0), where
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The corresponding differential equation is, rewriting (11)

(%%)2+2kzsine=c + K

The satellite's turning points in the geostationary orbit are given by

sin

2

B
max

2 2

1

1

(12)

(13)

(14)
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To find the oscillation period, T, combine (13) and (14) into the equation

\[cl + k Jl - (sine/sinemax)

which can be integrated over one fourth of the complete period

8

t/4 max
dt = 1 dé
0 . . 2z
C1 + k 0 {1 - (smelsmemax)
2
- 1 f dx (16)
0 f

Y22

The last integral, known and tabulated as the complete elliptic integral

. 2 . 2
Jl ~ sin” X sin emax

F(Sinemax,-%), was obtained by the substitution of variable

A o
sinx sm8/s1n8maX

Consequently, the time to complete one complete oscillation induced on a
nominally geostationary satellite by the most significant equatorial

asymmetry of the Earth gravity is

22

T = 55 F(sing .. sz) (17)

This indicates how exceedingly weak this perturbing force is: the constant
factor is of the order of 500 days, while the elliptic integral is never

smaller than %.

Nevertheless, most communications satellites have to remain close to a pres-

max’
Whenever L1 # LO, it is thus necessary to enforce a smaller oscillation

cribed longitude Ll (Fig. 2), say within an interval of width AL

max {peak~to-peak). In general,

this interval is determined by system considerations (such as the tracking

around the point L;, with an amplitude of AL

ability or beamwidth of the ground antenmas), within the bound laid

down by the ITU Radio Regulations [3] already mentioned (+ 0.1%.
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In the phase space of Fig. 3, the E~W stationkeeping is achieved by letting
the satellite move freely through this interval once (along the curve B(CD)
and then precisely reverse the drift rate at the pecint D by a thrust impulse
sufficient to re-start this cycle at the point B. The corresponding cal=-
culations proceed as follows:

Writing L = Ll + AL, 2|AL] < AL Eq. (13) gives to first order in AL

max?®

(L)2 + 2k°

I ]
AL sin 2(Ly - Ly) = G | (18)
An exaggerated example of this parabolic approximation to (13) is shown
stippled in Fig. 3. The new constant Ci is determined at the point C, (where
L =0, and AL = &Lmax/2). Next, the required impulsive change of drift rate
is determined, using (18) at the points B and D (where AL = -ALmax/Z), to be

.

I = oLyl = 2k (2L sin 2]l - L |3 (19)

B~ Lol
The actual sign, corresponding to the direction of the thrust, must be
selected to counteract the attraction to the stable equilibrium Lo, as
determined by the sign of Ll - L0 in (18).

(The corresponding velocity change of the satellite is obtained by multi-
plying (19) by the orbit radius &). This reversing thrust must be repeated

with a period Tp found by integrating (i18) from B to C in Fig. 3

1./2
P 1 c . -1
é dt = X é {(ALmax - 2AL) sin Z(Ll - LO)} dL

i.e., accounting also for the possibility L1 - LO < 0

272 Al pax :
T X [sin 2L, - Lo{] (20

From (19) and (20), note that the sum of all satellite velocity changes

required for E~W stationkeeping throughout the satellite lifetime TL

—[2al .2 , )
IAVEWI-IzaLBTL/Tpl- kT sin 2|Ly - L | (21)



to the first order is independent of the specified tolerance ALmaX. E-W
stationkeeping accuracy is therefore limited only by the precision of the
reaction control equipment and by the period Tp beween the firing commands,

but not by the amount of fuel carried by the satellite for stationkeeping.

As an example, suppose that a nominally geostationary satellite has to be
0° _i;O.l0 during a life of TL = 10 years.

maintained at the longitude L1

Noting that

0.5

H

sin 2|L; - L | = sin 150°

- o _
ALmax = 0.2° = 0.00349 rad,

we find that by firing the thruster(s) every

3
T =2 2x0'003f9 ] sec. = 43 days (from 20)
P |0.5x4.10

when the drift rate reaches a maximum of

15, 2x0.00349x0.5)% rad/s (fFrom 19)

— -
i

(4.10°

0.02°/day (eastwards towards the nearest stable equilibrium)

the satellite is kept inside the required interval. The total westward

velocity impulses summed over the entire satellite lifetime

15 3

~-(4.10° x {10x365x24x3600) x 0.5

AVEw S ) x 42164.10

==27 m/s (using 21)

are seen to be much less than required for N-S stationkeeping (9). Thus, more
than 907 of the thruster fuel for stationkeeping may be saved, when the
ground network can tolerate complete absence of N-S$ corrections of the orbit
of a nominally geostationary satellite. The extra useful payload onboard the
satellite may be an attractive>trade-off, but obviously involves careful

consideration of the wider pointing or beamwidth margins of the antennas
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required in the absence of N-S stationkeeping.

This summary treatment of the dominant N-S and E-W perturbations in the geo-
stationary satellite orbit is intended to quantify those phenomena directly
affecting microwave antenna designs and daily pointing alignments in a
satellite communications network. It should not completely escape our
attention that there are also weaker perturbation forces; these may potenti=-
ally affect systems with very narrow beams, such as EHF and laser links.
Fig. 4 shows the principle of a typicalAgeodetic satellite experiment, in-
tended to map the fine structure of Earth gravity by laser tracking of

smaller satellites from a master satellite. Such measurements are desirable

\ GEOID 1881

Fig. 4: Geodetic satellite measurement of Earth gravity variations by
intersatellite laser tracking (from S. Hieber, ESA Bulletin
No. 28, lNov. 1981). The cxperiment demonstrates the potential
significance of orbit perturbations on EHF and optical antenna

pointing.



for precise orbit determination required for navigation satellites and as
remote sensing of Earth crust movements (earthquake early warning.) or hidden
mineral deposits. As the wavelength and antenna beamwidth of future satellite
systems decreése,'satellite antenna technology may conceivably be confronted

with such small-scale angular perturbations, too.

1.5. Antenna tracking on Earth-satellite links

After having briefly described dynamics and stationkeeping of orbiting
satellites, it is now appropriate to change from the reference frame (fixed
orientation in space) to geographical coordinates. This allows the pointing
angles of earth terminals and coverage areas of satellite antennas to be
described from our rotating Earth, which for this purpose can be considered
spherical. (A more accurate approximation for calculation of path lengths
and delays is Hayford's spheroid, for which the semi~axis to the North or
South Pole is 6356.9 km, corresponding to a flattening at the poles of
1/297. For local link descriptions, the actual heights above mean sea level
may be required, e.g., in calculations of interference between an earth
terminal and a terrestrial radio-relay antenna. These calculations are not

our main concern here).

Fig. 5 shows a satellite S (in an inclined, direct orbit) at a distance KRO
from the Earth centre, RO being the radius of the "spherical” Earth (6378.4
km), with the dimensionless parameter K > 1. An earth terminal J with geo-

o e s gt ot i o s WO e

e(0 < e< 900) and azimuth A (0 < A < 360°, measured from local N through E).

-
" - ——”——; -

The point S' (1S,bs) is called the subsatellite point. The satellite passes

graphical longitude ]J and latitude bJ tracks S with elevation_angle

the equatorial plane from the South in the point A (ascending node) at time

t,. As previously indicated, the inclination amgle i(0 < i < 180°) is less

than 90° for direct orbits and equals 90° for polar orbits. Geographical

longitudes (-1800 <1< 1800) will be taken positive if east of Greenwich;
latitudes (-900 < b < 90) will be taken negative if south of Equator.

If the satellite is synchronous in a circular orbit, it is simple to deter-
mine the geographical coordinates of the subsatellite point S'. The angular

velocity of the satellite is then constant and equal to



{fixed relative
to the stars)

: earth station
S: satellite
A: ascending node
S':subsatellite point

A for A ¢ 0
o = o
3607 - 4 for A » 0

S (ig.0)

Fig. 7: Geographical relations on the spherical Earth.
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wg = 20T = 7.29217x107° rad/s . (22)

From the right~angled spherical triangle A'S'F', the geographical coordinates

of S' are given by

it

sin bS sin i sin mE(t - to) (23)

)}

tan{ls + wE(t -t cos i tan mE(t - to) . (24)

ref

Here, tref is the time when the Greenwich meridian plane (1 = 0) rotates
through the ascending node (A), while t0 is the time when the satellite

passes A.

In the important special case of a quasi-geostationary orbit, i is a small

angle. Neglecting third-order and higher terms of i gives

bS = i sin wE(t - to) (25)

and

.2
}s + wE(t - tref) = Arctan {(1 - %~3 ) tan mE(t - to)} .

Taylor-expansion of the Arctan-function results in

tan w (t - t_)
1.2 3 0
To= = (t, -t ) -1
5 E' 0o “ref’! 2 1+ tan? ug(t - t,)
it
= wE(tref - to) - g sin ZwE(t - to) . (26)

Egs. (25) and (26) show that the daily movement of the subsatellite point §'
is an 8-shaped figure around the Equator point with longitude wE(tref - to).
The maximum daily latitude variation is + i; this is much more than the
daily longitude variation (i‘i2/4), when 1 is small. Nevertheless, imperfect
N-S stationkeeping (i # 0) is seen to result in some diurnal E-W movements
of 8', even for a perfectiy synchronous orbit. These E~W movements come in
addition to the slower perturbations considered in Fig. 3, and to those

caused by any residual eccentricity of the circular orbit [8].
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Given the geographical coordinates of the subsatellite point S8', we are now
in a position to determine the pointing angles € and A, as well as the
satellite range p = JS, for the earth terminal J. Using the plane triangle

0JS (Fig. 6), the range and the elevation ¢ are determined by

o? = RE (K + 1 - 2K cos d) (27)
£ = Arcsin{(K cos d-1) / (K2 + 1 - 2K cos d)é} (28a)

where d is the great-circle distance JS'. From spherical trigonometry

(Fig. 7)

cos d = cos bJ cos b, cos (1J - ]S) + sin bJ sin bS 29
' cos bS
S"lnA‘—'mSﬂ'] (}S-]J) . (30)

(Care should be taken to select the proper value of the azimuth angle A in

the range 0 ¢ A < 360°). An alternative useful expression for the elevation

is obviously
e = Arctan{(cos d - 1/K}/sin d} (28b)

The theoretical field of view of the satellite is contained within the close
curve at the Earth at which € = 0. From (28) this curve is determined by

having the great-circle distance
doy = Arccos - 31)
Fov 4

from the subsatellite point $'. In particular, for a geostationary satellite,

K is constant and equal to

K = a/RO = 42164/6378 = 6.61
so that ideally

d.ny, = Arccos (1/6.61) = 81.3° (32)

Fov
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Communication through geostationary satellites may thus take place from
earth terminals up to about 9030 km from the (fixed) subsatellite point S'.
In practice this is too optimistic due to terrain screening and the increased
atmospheric refraction and attenuation at low elevation angles [7]. There is
also a legal consideration: To reduce mutual interference with terrestrial
systems, the ITU Radio Regulations [3] require elevation angles to be at
least 3° for most operational terminals. The corresponding dmax can be de-
termined from (28). This equation obviously also allows families of curves
for constant elevation to be drawn on a transparent sheet, which can then be
translated along the Equator on a map to establish the acceptable geo-
stationary satellite positions for a giveﬁ network of terminals, or for a
certain coverage area., The two arcs of the geostationary orbit, within which
a given satellite (i) is seen above the local horizon (¢ 2 0) or (ii) can

provide adequate service to all of its associated earth terminals and their

e s g . W S . S o~ - — St o >

two arcs are important in the initial assessment of potential mutual inter-
ference with existing radio systems (including earth terminals in other net-

works) following an international notification of a new satellite system [3].

Use of (27) allows the uplink and downlink transmission delay p/c (with ¢
~the speed of light) to be calculated for any given satellite link. This may
be of interest, especially for two-way telephone circuits or for synchroni-
zation of digital links and satellite-~switched spot beam antennas in time-

divigsion multiple access (SS-~-TDMA, described later in this Chapter) on p. 1.42).

. o . B e e o, o

sin bJ cOos mE(t - to) + terms of order iz . (33)

In deriving (33), the earth terminal was assumed to be static (bJ and }J
constant), and not too near to the Equator (b‘J >> i). For mobile terminals

or terminals in the equatorial region, a more complete time derivative of
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(29) is required. Expressions including orbit eccentricity are found in [8].

The frequency shift of a signal with frequency f due to Doppler effects is
Af = -pf/c (34)

Thus microwave signals are shifted (and wideband signals stretched) in

frequency by satellite range-rate effects.

Analytical formulas have been provided throughout this Section, rather than
graphs, so that they can be included in computer software for antenna
degigns or assessments in a system context. The reader will also find it
easy to use these formulas with a simple pocket calculator, as the following

closing example shows.

An earth station at Eindhoven, the Netherlands, (]J = 5.50°, bJ = 51*420)
tracks a quasi-geostationary satellite at 13 = 10° with inclination i = 4.3°

For t = to + nw/wg, there is an Equator crossing, so

bs = 0 (from 23)
cos d = cos 51.42° cos 4.5° = 0.6217 (From 29)
0 = R, 16.61° + 1 - 2x6.61x0.6217} ~ (from 27)

3]

6.039 Ro = 38519 km.

Arcsin {(6.61x0.6217 ~ 1) / 6.039} = 30.99° (from 28)

8]
L]

arcsin {sin 4.5° / sin d} = 174.25°

p =]
H]

(N.B.! A is greater than 90° for a terminal on the Northern hemisphere)

-5 2.
_ . 8.3x x7.292.10 “x6.61x6378"xsin 51.42
hd T80X38513 km/s

+ 29.7 m/s (sign depending on n)

An uplink signal at 30 GHz is shifted by



Af 8

i

+ 29.7x30x10°/3x10

1]

+ 3 kHz

An uplink bit stream at 34 Mbit/s is acceleratéd by + 3.366 bits per second
or about + 12 kbits in an hour. Downlink shifts should be added to this.
There are obvious consequences of these frequency effects in a digital net-
work, whereas antenna designs proper are hardly affected. However, € and A
will vary substantially during the day (try t = t, + (n + ﬁ)w}wgl). There-
fore, the earth station should possess either a wide beam with moderate gain,
or else a tracking antenna system, So if the latter is based on a narrowband
phase~locked loop receiver, this must be able to follow the Doppler vari-
ations of the satellite beacon signal. Clearly, the satellite orbit influ-

ences the choice of antenna system technology!

Let the antenna gain on the main-beam axis (¢ = 0) be Gmax' (For a circular

aperture of diameter D and r.m.s. deviation from an ideal geometrical surface

$

Df.?2 4nfs.,2
Grax = Neff (E?:") exp{-(—’lg—) } (35)

where neff < 1 is the antenna efficiency in the absence of surface errors).
Any pointing error (A¢) reduces the available gain in the direction of the

satellite. Approximating the main-lobe pattern by an exponential pencil beam

i i 2 |
B(0) = Gpgy exp(-ky (52)%) (36)

ax
we find k1 = 2.764 by identifying

G(%¢3dB) & 3 Gmax (37)

Moreover, since the 3-dB beamwidth is inversely proportional to the antenna

diameter D and to frequency

9345 = kpc/(fD) (38)
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where k2 is typically 65-70 degrees, Eqs. (36) - (38) give for the pointing

loss

AG(A®) = -12 (A‘E-f%) dB (3¢

Together with (35), this shows that for any given pointing error, there wil

max) beyond

which the achievable gain drops due to poor pointing. Neglecting static

be a maximum profitable antemma diameter Dmax (or frequency f

gravitational sags, and dynamic deformations by wind or temperature
variations, the tracking error may be identified with the pointing error,

i.e.,

8 = ylae)? + (8h)? (40

Together with Egs. (28), (30), (25) and {26), this can be used to determine
the stepping times of a programme-tracked antenna system, given a maximum

pointing less (39).

1.6, Earth~terminal off-axis limitations

The antenna parameter of greatest immediate interest to the system designer
and link budget planner is the gain in the direction of the satellite (i.e.
Gmax less the pointing loss AG). This figure defines the enhancement,
relative to a fictitious isotropic radiator, of the power-flux density
emitted (or received) by the earth terminal in the direction of the satel-
lite. The product of the antenna input power and its transmit gain is calle

the equivalent isotropically radiated power (EIRP). On the other hand, the

ture T *) is called the terminal operating figure-of-merit (G/T).

* T is the noise temperature (in kelvin), referred to the output of the
receiving antenna, corresponding to the RF noise power which produces the
total observed noise at the output of the satellite link, excluding noise
due to interference coming from satellite links using other satellites an

from terrestrial systems. See Fq. (42) in Sect. 1.8.




Within a certain transmission system, the on-axis antenna gain can obviously
be traded off for higher transmit power (or lower noise temperature, as
appropriate). However, antenna gain at angles in the direction of geo-
stationary orbit off the main-beam axis has a significant impact on inter-
ference caused to, or received from, other geostationary-satellite networks
sharing the same frequency bands. This results in various minimum angular
spacings between satellites (Fig. 2) which share frequency bands. Likewise,
the earth terminal gain in any direction towards the local horizon may result
in mutual interference with terrestrial radiocommunication services sharing
the same frequency bands. The distance (on a given azimuth A) from an earth
terminal beyond which a terrestrial radio station sharing the same frequency

band neither causes, nor is subject to, interference greater than a permis-

sible level, is known as the coordination distance 9. The contour D(A)

around the earth terminal is known as the coordination contour; it encloses

the coordination area, outside of which the risk of interference is reduced

to a permissible level.

Interference between networks using adjacent geostationary satellites is
assessed in accordanée with an internationally agreed method set out in
Appendix 29 to the Radio Regulatioms [3]. Similarly, terrestrial coordination
contours around earth terminals are to be calculated in accordance with an
internationally agreed method set out in Appendix 28 [3]. In these calcu-
lations, many different system parameters (modulation, power levels,
required protection ratios, etc.) are relevant. Clearly, the off-axis radi-
ation diagram G(¢) of the earth terminal antenna is instrumental for pro-
viding sufficient isolation towards other space or terrestrial systems. As
progressively more intensive use of the geostationary orbit and the radio
spectrum is made, the CCIR is therefore showing increased interest in re-
commending lower sidelobes of earth terminal antennas. The present recom—

mendation, Rec. 465-1, for a reference radiation pattern for interference

calculations (Fig. 8)

32 - 25 log ¢ (dB), 1° < ¢ < 48°
G(¢) < (41)
-10 (dB), 48° < ¢ < 180°
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serves also as a design objective for large earth antemnas (D/A > 100). At
present, there are attempts to have the design objective for the maximum
sidelobe level near the main beam tightened by 3 dB (that is, to 29-25

log ¢). This could indeed allow increased use of the geostationary orbit,
but also causes both objections from owners of existing antennas and ad-

ditional capital costs for new earth terminals.

An alternative means of improving the orbit utilization is shown in Fig. 8.
Instead of reducing the sidelobe level in general (thereby possibly de-
creasing the antenna aperture efficiency or removing blocking effectsg), it
may be possible to exploit the tighter E~W stationkeeping tolerance required
since January 1982 [3] - see page 1.10. In effect, this may allow suppres-
sion of specific sidelobes, instead of the present general design approach
requiring control of (most) sidelobes as implied in CCIR Rec. 465-1. An
auxiliary, defocused feed is used to scan a beam towards an adjacent satellit
[9]; interferometric suppression of the sidelobe(s) in that specific di-
rection may then be obtained by suitable cancellation networks [10]. Fig. 8
indicates that theoretically [11] it appears quite feasible to reduce the

interference from (or to) a satellite nominally 1.2° away from the main-beam

/ T T T T
Gig) 1

W £ [ IS ]
(54 TR e TR @ s B o S <21
T T T T

i i

CCIR
Rec 465+

~
(93]
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[9S)
o
T
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Fig. 8: Interferometric sidelobe suppression in earth terminal to
increase intersystem isolation and geostationary-orbit

utilization [11].



- 1.27 -

axis (+ 0.2° as arising from the combined maximum E-W tolerances of both
satellites), down to the mutual isolation levels reached with present
antennas at about 4° satellite spacing. A considerable enhancement in inter-
system isolation may thus result, without invoking new reflector systems and
with just a relatively simple retrofit of the many existing terminal facili-
ties presently constraining the utilization of the geostationary orbit (Fig.
2). Further investigations towards future implementation of this isolation

method may prove worthwhile,

While it will be in the natural interest of any system designer planning a
satellite network to avoid harmful interference from other systems into his
earth terminals, there is no immediate incentive for him to protect future
systems against any interference to them from his system. Consequently, he
might be tempted to seek the most cost-effective system trade-off of on-axis
gain against transmit power, irrespective of any other potential users of
the same bands and the geostationary orbit. (The off-axis gain limits recom-
mended by CCIR (41) are not sufficient to avoid excessive power flux-den-
sities, because the uplink transmit power may be raised indefinitely to meet
the on—axis EIRP objective). This is obviously a situation requiring regu-

lation by (international) law.

Harmful interference to other users has been limited by certain provisions
laid down in the international Radio Regulations [3]; implicitly, they
restrict the freedom in seeking antenna system options and should therefore
be carefully studied by any earth antenna designer. Leaving aside some of
the exceptions, the most significant technical earth-terminal restrictions
can be summarized as follows (see Chapter VIIT of the Radio Regulatioms [3]):
(a) the EIRP towards the horizon within frequency bands shared with equal
rights with terrestrial radio services shall not exceed the following
limits:

(i) Dbetween | GHz and 15 CHz

40 dBW in any 4 kHz band, for 8, < 0°
EIRP <
(40 + 36,) dBW in any 4 kHz band, for 0% < 6, < 5°



(ii) above 15 GHz

64 dBW in any 1 Mz band, for 6, < 0°

EIRP <
(64 + 36,) dBW in any 1 MHz band, for 0° < 8, < 5°

where 8h is the angle of elevation of the horizon viewed from the
antenna radiation centre, measured in degrees as positive above the

horizontal plane and negative below it.

(b) the EIRP limits in (a) may be exceeded by not more than 10 dB. However,
if the resulting coordination area enclosed by D(A) extends into the
territory of another country, such EIRP increase shall be subject to

agreement by the Administration* of that country.

(c) the elevation angle ¢ of a transmitting earth terminal shall not be less
than 30, except by agreement by administrations concerned and those

whose services may be affected.

Reciprocally, Chapter VIII of the Radio Regulations also impose technical
limitations on terrestrial radiocommunications services sharing frequency
bands with satellite services above 1 GHz. These leave room for future in-
troduction of satellite services without harmful interference from terres-

trial systems already in use.

1.7. A few definitions of communication satellite stations, systems and

services

After having considered their possible path geometries (including terminal

or reception of radio waves for specific telecommunication purposes.

Frequently, these specific purposes are defined in terms of the involved

* gee definition in Sect. 1.7.
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is a radio link between a transmitting earth station and a receiving earth

station through one space station onboard a satellite; it comprises one up-

- s

is one end of a RF link. Terminals, stations, and services may be operated
by many entities (international, national, as well as private). However, the
ITU recognizes only governmental administrations as responsible for dis-
charging the obligations undertaken in the Radio Regulations; all other
entities must therefore conclude agreements with a suitable national admini-
stration in order to liaise with ITU, e.g. for international frequency co-

ordination and management. In Europe, this is generally a PIT.

A satellite system is any group of cooperating earth stations using one or

more earth satellites for specific purposes. A satellite network is a
satellite system, or a part thereof, consisting of only one satellite and

the cooperating earth statioms.

The fixed-satellite service (FSS) is a radiocommunication. service between

earth stations at specified fixed points when one or more satellites are
fixed point to a satellite, or vice versa, conveying information for a space
service other than for the FSS. (The up~ and down-links between the TDRS -
Fig. ! - and its earth station are examples of feeder links conveying infor-

mation for the space operation_service, which is concerned exclusively with

the operation of spacecraft, e.g. with tracking, telemetry and telecommand

(TT&C)).

The broadcasting satellite service (BSS) is a radiocommunication service in

which signals (re-)transmitted by space stations are intended for direct

— s s

combination thereof, including the accessory equipment, necessary at one

location for carrying on a radiocommunication service ( or radio astro-

nomy) .



reception by the general public, either by individual reception by simple

domestic installations or by larger installations for community reception .

(The BSS is frequently confused with the special use of the FSS allowed by
Article 9, § 4 of the Radio Regulations for unilateral transmission from on
specified fixed point to more specified fixed points, provided that such
transmissions are not intended to be received directly by the general publi
This use of the FSS is very widespread in both North America and the USSR

for TV-programme distribution to local networks).

The mobile satellite service (MSS) is a radiocommunication service between
mobile earth stations and one or more space stations, or between mobile
earth stations via one or more space stations. It may include the necessary

feeder links (i.e., from specified fixed earth terminals). The MSS can be sul

- o A > o o e T e

and may include emergency and distress operatioms.

The Earth-exploration_satellite service (EESS) involves active or passive

remote sensing of natural phenomena from earth satellites, the collection of
information from airborne or Earth-based platforms, the distribution of this
information to earth stations, platform interrogation,and any feeder links

necessary. The meteorological-satellite service is a special EESS.

Why are these (and many other) legalistic service definitions contained in
the Radio Regulations so significant to the antenna system designer?
Because frequency bands have been allocated to each type of satellite
service in the member states of the ITU; moreover, strict tolerances for
antenna pointing accuracies, radiation patterns or power-flux densities are
imposed on certain services. As illustrated by Egs. (35) and (39) in the
previous Section, frequency allocations and technical regulations restrict
the design trade-offs available to the antenna engineer, who should always
consult the Radio Regulations and the latest CCIR Recommendations [4] before
embarking on design of any antenna for a space or earth station in any given

satellite service.

1.8, Satellite link budgets

Communication antennas are intended to contribute to favourable performance
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criteria for the links in a satellite network. Imn this Section, we shall
formulate the performance budget for an individual RF link; earth terminal
antennas are designed mainly with this in mind. While the performance of the
satellite antennas on each individual link is of course equally significant,
they must also safisfy collective requirements related to the shared use by
several earth stations in the service area; this will be discussed in the

following Section (1.9).

.The RF link performance will be derived from a required circuit objective,
for instance the performance criteria formulated by the CCIR [4] for the

~ noise power in a demodulated TV-channel (Recs. 354-2, 567)

- noise power in a demodulated FDM telephone circuit (Rec. 353-2)

-~ bit~error rate (BER) in a demodulated PCM channel (Rec. 522).

Based on such general objectives given to the transmission engineer and his
own choice of modulating and demodulating equipment, he can translate the

circuit objective into a RF-terminal objective at the input to the demo-

dulator. This is normally expressed as the carrier-to-noise density_ ratio
(C/§02 required to meet the above circuit objective with a certain margin at

- Qo

the demodulator input.

The various signal and noise contributions to this ratio are summarized in
Fig. 9. The total noise power density at the receiver is
G, G

i ts rd .
kT = kTJ + {kTSgS + NIM} —--'[—:-g—*- (42)

Note carefully that higher gains of the down-link antenmas increase the
noise contributions to the operating G/T from the satellite repeater. This
is a reason to keep the gain 9 and noise figure F of the repeater low. If

the satellite receive antenna looks at the "hot" Earth (T0 = 290 K), then
T = FT (43)

The intermodulation noise density NIM is determined by the access plan and
number of carriers sharing the repeater bandwidth simultaneously (Section
1.9). With pure time-division multiple access (TDMA), NIM = {); repeater non-

linearities do not contribute additive satellite noise with TDMA. (Non-
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Fig. 9: Definition of signal and noise contributions to satellite link budget
(additive noise and non-regenerative repeater assumed).
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linearities do, however, contribute to carrier distortion [12]. This multi-
plicative effect must be separately accounted for in performance budgets and

in any up-link power-control algorithms adopted in satellite networks).

The receiving system noise temperature TJ of an earth terminal at a given

frequency is (CCIR Ref. 208-4 {41

TJ = TRX + Tground * Tsky/ Lyain + (1-1/ Erain) Train : (44)
where
TRX: noise temperature of receiver (K), referred to the antenna output
port
Tsky: (clear-)sky contribution to antenna noise temperature (K)
Tground‘ ground contribution to antenna noise temperature (K)
Erain’ rain attenuation (excess path loss)
Train: effective rain temperature (K)

The system noise temperature is a statistical, time- and location-dependent

and T is also a

variable. vary with elevation angle £, and €

rain
is not the (average)

Tsky ground
function of the instantaneous local rain geometry. Train
physical temperature of the rain medium [13]; it includes contributions of

scattered thermal noise, e.g., from the (cold) sky and the (hot) ground. The

empiric expression

T =112 T - 50 kelvin (45)

rain ambient

is sometimes adopted to allow use of the readily available ambient tempera-

ture at the terminal location.

Egs. (42) - (45) show that the operating figure~of-merit of an earth terminal

e pnuepgery

figure of merit G/TJ measured in the absence of a satellite repeater,

especially when the condition

FTo g Gts/ Bg << Ty (46)

is not satisfied. With any use of satellite transmit spot-beam antennas, the



satellite’s repeater gain and front-end noise must consequently be lower
than with Earth-coverage satellite antennas, to maintain a fixed earth-
terminal degradation. (Another way of controlling additive noise from the
satellite up-link, applicable only in the event of digital transmission,
would be to demodulate and remodulate the signal in the satellite. Such a

regenerative repeater [14] adds up-link and down-link BERs, rather than noise

contributions as in Eq. (42)).

A second observation of major importance to the antenna system engineer con-
cerns the complex influence of (excess) path losses on the G/T-ratios (see
(42) and (44)). At the conventional FSS down-link frequencies (3.4 - 4.2 GHz),
this is no practical problem because rain losses will be quite moderate for
the 99.7Z of any month invoked by CCIR performance criteria. For example,
standard "A" and "B" earth stations approved by INTELSAT for its internation-

~al FSS satellite system are merely required to meet one G/T-specification at

clear—sky conditions, at elevation angles Jdown to ¢ = 10°, Thus, with f in GHz

, (47)
(GfT)nBu > 31.7 + 20 log (f/4) dB/K
However, the situation becomes altogether different for standard "C"_earth
stations working with INTELSAT-V space stations in the bands 10.95 - 11.2
GHz and 11.45 - 11.70 GHz. Due to the potentially much heavier rain losses,

local propagation data, clear-sky temperatures and repeater usage must be
taken into account in the approval process. The reason is, in INTELSAT's

own words [15]: "To ensure the best utilization of the space segment, the
aim is to achieve for the receiving system a gain-to-noise-temperature ratio
(G/T) that is sufficient to ensure that CCIR performance criteria are met.
This requires a consideration of long-term rainfall data and the associated
attenuation and sky noise temperature data at each earth station. Considering
the form in which propagation information is availabple, it is more con-
venient to express CCIR monthly noise criteria in terms of percentage-of-a-
year relationships which are chosen to be equivalent to CCIR values.

Annual noise criteria are given in terms of '"nominal" performance require-
ments associated with 90% of the time in a year and degraded performance

requirements associated with a small percentage of the time in a year".
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Accordingly, the antenna system engineer is no longer permitted to consider,
once and for all, the gain trade-off with the receiving system noise tem-
perature in clear weather. He is now forced into much deeper individual

station studies, as the following specifications show [15]:

(i) G/Tl - £ A + 20 log (f/11.2) dB/K for all but Pi% of the time
(48)

(ii) G/'r2 - £2 > B + 20 Tog (f/11.2) dB/K for all but Po% of the time

influence of concentrated rain storms) the above specifications apply
to the figure of merit derived from the operating terminal at any given

time.

In (48), the values of A, B, Pl and P2 shown in Table I apply. The term

ﬁi(i = 1, 2) is the predicted attenuation relative to a clear sky, at the
frequency of interest, exceeded for no more than Pi(i = 1, 2) percent of the
time*, along the path to the satellite(s) with which operation is desired.
The value of Ei shall be that predicted on the basis of the statistical dis-
tribution of mean attenuation within periods of the order of | min. The term
Ti(i = 1, 2) is the receiving system noise temperature, including noise con-
tributions from the atmosphere at the frequency of interest, when the
attenuation £i prevails, The terms G/’T,i and Ei are assumed to be given in

decibel notation; f is the frequency of interest expressed in gigahertz.

INTELSAT V Coverage in Which
Earth Station is Located
Parameter West spot East spot
39.0 dB 39.0 dB
B 29.5 dB 32.5 dB
Pl* 10.0 % 10.0 %
Pz* 0.017 % 0.017 %

Table I: Values of parameters spectified for INTELSAT-V standard "C"
earth stations [15). Note that spot—beam coverage may be
shifted to mateh traffic requirements.

* The time period to which this percentage applies shall be that period

for which statistics are available, preferably a minimum of 5 years,
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Clearly, elaborate propagation studies are a pre-requisite for planning,

designing and operating satellite services and earth stations above 10 GHz.
The down—link carrier level at the receiver input is

C. = C 95 Gys Gry
d u Ly

Combining (49) and (42) gives the satellite link carrier-to-noise density

ratio

(50)
in terms of the up~link carrier-to~noise density ratio
Cu A th GtJ Grs _ EIRPU (Grs) 1 51
kKTg  kFT, €, L, VF kT,

the repeater output carrier~to-IM density ratio, and the down-link EIRP,

earth-station (radiometric) figure-of-merit, and down-link path loss.

As satellite repeaters are, as yet, down-link power-limited, most link bud~
gets are set up to minimize the degradations due to up-link noise and IM

noise in (50). This may require up-link transmit power control [16], to

A - " e 2>

within acceptable bounds [17]. The repeater gain 9 is selected to satisfy
(46) as well as any multiple-access requirement for a back-off (B < 1) of

the total repeater output power shared by J carriers

A

. = . . = RP 52

1510 59%,;5=8 (52)
J J

below the saturated output level P. Note that, in general, the repeater

gains for the different carriers in a nonlinear satellite will be different

[18]. The influence of the various antenna gains is clear from Eqs. (49) -

(51).
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1.9, Multiple access and satellite antennas

A satellite repeater can obviously be shared by several individual signals,
without first combining these into a single multiplexed signal. The separate
carriers are instead allowed to access the repeater in accordance with a

prescribed order, a protocol* or multiple-access method. This organises the

various signals in a known way designed to strike a desired balance between
conflict-free sharing and flexible use of the (limited) satellite resources,

Multiple access should thus not be confused with multiplexing.

Shared radio channels may be best known from the Citizens' Band at 27 MHz,

where the limited common resource is the bandwidth. The multiple-access

protocol is here a completely decentralized, self-ordered_access based on

user demand assignment via a control channel reserved for this single purpose.

While a data bus approximates the virtual channel studied by many computer

scientists and information theorists, Citizens' Band radio makes use of real

o S o o . S o

significant extra limitations on channel efficiency.

An even more limited physical channel is the typical satellite channel

established between distributed earth stations via a spaceborne repeater.
Here, too, bandwidth is becoming a limitation due to traffic growth, but in
addition the satellite repeater has limited transmit power (requiring
relatively large earth stations). The repeater therefore becomes non-linear
when efficiently used, producing intermodulation between any simultaneous
accesses [17]. As seen in Eq. (50), the down-link antennas can be used to
trade—off repeater power for antenna gain, EIRP being the significant figure
Consequently, satellite antenna engineering is closely linked with the

multiple-access method adopted in a satellite network.

In general, a multiple-access network consists of N different users (statioms)

* Protocol: from Greek mpwtof (= first) and xoAda (= glue); originally a
record glued to the entry of a document roll and stating its contents.
Later the social hierarchy of the diplomatic or military service; official

record of a meeting (minutes).
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having a need to connect to each other via & common communications channel. If

the required communications capacity from user i to user J is Rij (given in

bit/s, number of telephone channels, or another suitable unit), we may state

the connectivity matrix (also called traffic matrix)

Riz Ryg -0 Ry
Rop Rop er Ry

RE . : | (53)
Ry Ryn

For widely separatéd earth stations in a satellite network, this matrix
establishes the requirements for physical links and, by implication, also

any possibilities tb avoid mutual coverage of some stations. Both aspects are
of major interest to the antenna designer, who is concerned with providing

the (common) coverage (exactly) where it is needed.

Obviously, the elements of R can either be functions of time, e.g., the
varying telephone circuit requirements via an international satellite, or
flexible MA-method designed to respond to fluctuations of the elements is an

example of demand assignment of traffic, whereas all fixed MA-methods based

on permanent allocation of repeater capacity fall in the category of pre-

assignment of traffic.

If row i is summed, we get the required total outgoing capacity from terminal

i
N
R. & 7 R.. . (54)

If this is physically combined into one up-link signal by multiplexing

(followed by carrier modulation) the transmission is by a multi-destination

signal intended for all those terminals k for which
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Rik £0 . (55)

e g, s

tion from terminal 1 and hence, in Eq. (54), should be represented by a
single entry j = b so as not to count the same capacity requirement more

than once within a given up-link feeding the down—-link broadcast.

When the matrix elements from the terminal i are not combined into a single
up~link transmission (54), but are individually sent over the channel, the

transmission is a single-destination scheme. An obvious advantage of

single destination is that each receiving terminal j does not need equipment
to receive, demodulate and demultiplex the "irrelevant" information in (54)
intended for other terminals. The main advantages of multi-destination are
that the transmitting terminal i needs only one single sending chain (with
multiplex, modulator, up~converter and RF amplifier), which can be shared
by many individual traffic sources. Multi-destination may be preferable
where the transmitting costs are relatively high and the up-link traffic is
heavy (high-quality international satellite links), whereaé single desti-
nation may be chosen in a network with many terminals of low cost and

complexity (third-world or other thin-route satellite systems).

The diagonal elements in (33) represent 'loop" requirements and should at
first sight be zero, because a user should never need access to information
which he himself has transmitted. However, in a distributed network and a
physical channel with variable transmission delays, reception of apriori
known information may be necessary to synchronize digital transmissions
through the distant repeater (TDMA and CDMA) or to check that a random
access has not Been destroyed by a random access from another terminal
(Aloha). This imposes additional requirements for joint antenna coverage for

both the up-link'and the down-link.

In order to saturate the satellite repeater without creating intermodulation
between carriers, the transmitting earth terminals can be allowed to access

the satellite repeater sequentially, one by one, by digital carriers in a

burst mode. This is known as time-division multiple access (TDMA). Buffer
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stores are required in TDMA earth terminals to translate individuel con-
tinuous data-rate requirements Rij into/from a (much higher) common burst-
mode data rate Rburst‘ This can be chosen as large as allowed by the
selected digital modulation method (e.g. QPSK) in the available repeater

bandwidth BRF .

The burst time of transmit terminal i required for its multi-destination

‘carrier to the various receive terminals is given by (Fig. 10)

N
: = + .
Tburst,t Tpre jzl RxJTframe/Rburst (56)
with Tframe the period length of one complete frame (sequence of bursts from
all N terminals). T is the time occupied by the preamble of each burst

pre ©° U TUUE PEERREES BT RUE LoSZSses
and contains a margin for inmaccurate synchronization for bursts, time for

demodulator synchronization and time for address labels identifying the
contents of the multi-destination carrier, An engineering service channel

e e S0 1 o e

included. See Fig. 10.
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Fig. 10: Accesg structure in a typieal TDMA network.
(a) Frame format. (b) Station burst format. (c) Preamble.
In TDMA networks carrying PCM telephony, the frame period

T 18 often a multiple of 125 usec.

frame
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The burst times within a given frame length are limited by

1 Tburst,i s Tframe (57)

»

i

INe~12Z

which together with (56) gives the bound

1 -NT_ /T . (58)

N N
izl jzl Rij/Rburst N pre’ frame

This shows that with a long frame (T the burst capacity is

frame >~ NTpre)
efficiently used. This requires big data buffers in the earth stations, as
well as very precise terminal synchronization and fast-locking demodulators
in order to keep the preamble short. The efficiency of TDMA is thus obtained
by imposing high technical standards and a demanding common time discipline
throughout the network. This is not at all a simple matter, when the common
repeater is moving slightly around its nominal position in the geostationary
orbit (Sect. 1.4). Despite the recognized principal advantages of TDMA, it
is not yet in widespread operational use in multi-user civil satellite net-

works and still a subject of much R & D.

Synchronization is frequently governed by a master station, which will send
preamble. The slaves adjust their bursts through the satellite relative to
this reference, using precise knowledge of their own (variable) trans-
mission delay to the satellite. This can be measured by receiving their own
burst as discussed in relation to the connectivity matrix (Rii # 0, loop
back), provided that the satellite transmit antenna covers each slave

station during its burst.

This is not necessarily so, especially not when spot-beam satellite antennas

are used. It was stated above that R can, in principle, be chosen as

large as allowed by the modulation S:;:;E and the repeater bandwidth (BRF)'
However, the capacity can not be increased indefinitely just by increasing
BRF' because the satellite EIRP is also bounded and cannot support an
arbitrarily high data rate without violating the minimum acceptable per-

formance (BER) of the demodulator. This second bound is given by (50)
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E._) [.—}R (EE) <_E.]_:§_P_d_(§) 39
No burst No min " kﬁd TJ

where the minimum bit—energy~to-noise~density ratio is determined by the
acceptable bit-error rate. With a multi-destination carrier, the maximum
achievable burst rate is therefore determined by the one earth terminal with
the lowest operating figure of merit and/or the deepest fading. This may not
be as efficient as suggested by (58), unless the burst times are adaptively

allocated to take this into account [19].

With a single-destination carrier, the satellite antenna gain Gt§ could be
raised in a particular direction by using a narrow spot beam, and thus the
EIRPd could be made higher in (59). This, in turn, would allow a higher burst
rate and more information to be transferred within a fixed burst time (56).
However, the high antenna gain Gts would then be required at different
destinations for different bursts! In other words, the antenna spot beam
should either be scanned over the receiving earth termipals in frame synchro-
nism [20], or else a satellite-bornetime-division switch should route the
arriving bursts to the right fixed spot beam [2]]. The latter solution is
known as satellite-switched TDMA (SS?TDMé) and corresponds, in fact, to

carrying a higher—order telephone trunk exchange onboard the satellite,

which can therefore provide optimum routing of transmission trunks between

various lower-order exchanges.

The experimental SS~TDMA repeater planned for ESA's L-Sat is seen in Fig. 11.
The switch matrix is programmed by telecommand from a space-operation earth
station and sequentially interconnects the transmit and receiver ports of
the various spot—beam antennas seen in Fig. Il. The switch matrix must be
clocked in synchronism with the TDMA frame format, thus translating the up-
link rows in the connectivity matrix (53) into suitable down-link columns.
Optimum framing and synchronisation for this is an interesting matrix

problem.

If carriers cannot be operated in sequential synchronized bursts, such as in

TDMA or SS-TDMA, they may be given different frequency assignments within

the bandwidth BRF‘ This is known as frequency-division multiple access_(FDMA)
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Fig. 11: L~Sat SS-TDMA payload (a), with assoctated coverage areas (b)
over Europe. Note up-link/down-link isolation by dually
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and admits less complex digital modems and presence of analogue carriers

(FM, etc.).

The capacity limits for single-destination digital FDMA carriers with band-

width Bij in a given satellite repeater are

N N
izl jzl B,y < ¥Bpr (60)
rg (Eb) ke, -l g , ‘

(=) R, < B8P (61)
521 \No /5 ts,j TJ,:; j=1 WM

where it is assumed that the receiving earth terminals may have different
figures of merit and experience different down-link path losses. This allows
consideration of traffic adaptation and down-link fading control using
satellite multiple~beam antennas [22] with adjustable antenna gains Gts,j in
each down~link direction. In (60) and (61), vy is a parameter reflecting the
need to provide some guard bandwidth between two adjacent carriers to avoid
mutual interference whereas the back-off B reflects that it may be necessary
to reduce the intermodulation products generated between the various carriers
in a non-linear repeater (50). Adaptive allocation of capacity in an FDMA
network [23] is therefore potentially more complex than the algebraic SS-TDMA

problem, whereas the earth stations can be much simpler.

In the preceding, a relaxation has been made from highly disciplined
multiple-access methods (TDMA) towards more loosely organized methods (FDMA)
with lower efficiency and lower terminal complexity. Obviously, it is pos-
sible to relax the multiple-access discipline even further, if each user
does not pay to organize the sharing of the collective repeater; each user
simply sends his packets off at random, whenever necessary. By receiving his
own transmissions back via the repeater and a wide-coverage antenna (loop
back, Rii # 0), any user within the service area can decide whether one of
his packets has suffered contention from another overlapping transmission
and should be repeated.

Such a random-access scheme becomes advantageous with a multitude of users,

each having only short and infrequent needs to access the channel. It was
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first investigated by the University of Hawaii for local-area computer net-
works (and is therefore sometimes referred to as an Aloha-system [24]), but
it should also be considered whenever earth terminals must be kept as simple
as possible. However, the repeater efficiency is not very high, due to the
contentions between packets and the need for a total-coverage transmit
antenna, In all events, the satellite capacity is thus inefficiently used
(less than 20%Z). Higher efficiency (up to 37%) can be obtained by disci-
length. Clearly, the users have to be synchronized to a common clock marking
the slots. Still, contrary to TDMA, each user is free to send a packet in -
any slot. Thus, slotted Aloha does not depend on aﬁy particular sequencing

of the terminals (as in Fig. 10), which explains its lower complexity and

efficiency, and its higher flexibility.

In general, Aloha and other random—access protocols [24] experience con-
gestion when the offered random traffic is high. It is therefdre‘advanta—
geous to reduce the burst length. This, in turn, is done by selecting the
highest possible burst rate allowed by the repeater bandwidth BRF and down-
link EIRP, so that the messages are transmitted as fast as possible. The
corresponding formula is identical to that for TDMA, namely (59). Note, how-
ever, that a total-coverage down-link antenna is essential for random-access
satellite access, whenever some form of transmission control by users is to
be maintained. Any use of satellite antennas with narrower coverage than the
total service area implies either some form of centralized control or a pre-

assigned multiple access method.

1.10, Specification of satellite antennas

From Section 1.9, it is evident that the satellite antemna coverage area(s)
must be defined after due consideration of the multiple-access method
adopted for a given satellite network. Fig. 12 shows the prihcipal problems:
Which gains are required for separate beams in the direction of each earth

station? Subsequently, must these various constituent antenna beams be as-

sembled into larger coverage areas or rather remain separate spot beams, to
be interconnected by microwave circuitry in the repeater? And do the

terminal connectivity and the network capacity require dynamic antenna
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patterns adapting to the traffic pattern, or rather a static pattern for
self~ordered access control or broadcast services? Such design questions
come in addition to those for the earth station antenna, which is not nor-

mally intended to provide links to several(space)stations simultaneously.

However, pointing accuracy is again seen to be a major design constraint.
Since the satellite antenna is an integral part of a dynamic platform in the
difficult space enviromment, attitude- and thermal-control accuracies
directly affect the ability to point the main lobe towards its earth
station(s). Typical open-loop pointing capabilities for spacecraft antennas
are of the order 6f * 0.1° to + 0.2° (r.m.s.). Eqs. (35) - (39) then show
that the gain of any constituent beam serving a specific earth target is
limited to some 50 dB on-axis, unless closed-loop RF-tracking is included.
This extra complexity may be invoked to meet the stringent technical and

legal demands on the broadcasting-satellite service in the 12 GHz band [3].

In the absence of sufficient N~§ stationkeeping of geostationmary satellites,
there is also a need to "nod" the satellite antennas during the sidereal day
in order to avoid a systematic alignment error of the main lobe over its
coverage area. The nodding function can be readily calculated from the geo—
metry shown in Fig. 5, using the formulas for the B-shaped diurnal movement

of the subsatellite point §' in Sect. 1.5.

The individual link budgets (Sect., 1.8) will normally require specification
of the minimum satellite antenna gain within the service area. Assuming
generating pencil-shaped constituent beams, this will normally apply at

their edge-of-coverage (EOC), where the gain slope is greatest. Using (35)

and (39) gives
G(ogoc) = Gpax AG(0ggc) (62
However, (36) shows that for a given antenna type

¢
*eocy2

G(¢EOC) = exp ("k1 (¢3d3

with which the 3~dB beamwidth in a given plane can be eliminated in (36) to
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give

G = -kst x AGEOC 1oge (AGEOC) (63)

EOC

The optimum value of this EOC gain loss (found by differentiation)

AG

EoC © 1/en -4.34 dB, (64)

giving maximum antenna gain at the edge of coverage, is not very critical,

Considering the cost savings by relaxing antenna pointing in space, the
antenna designer may therefore well be tempted to accept broader main beams
than (64), because of their attendant lower pointing losses at EOC. Obviously,
this could prove very undesirable for other radio systems (to be) located
outside the coverage area, because of the increased risk of intersystem
interference. Therefore, the ITU has recently tightened the regulation on
pointing of any satellite antenna with less than global coverage [3], re~
quiring now a capability of maintaining this within

(a) 107 of ®3dB relative to the nominal pointing direction,

or (65)
{b) 0.3° relative to the nominal pointing directionm,

whichever is greater. (In the event of a non—-symmetrical main beam, the

tolerance in any plane through the axis of maximum radiation shall be re-

lated to the ¢3dB measured in that plane).

To further protect terrestrial radic systems from satellite interference,

the ITU has also limited the maximum power flux_densities produced at the

Earth's surface under assumed free-space propagation conditions. These ela-
borate limits [3] apply also inside the coverage area of any satellite
antenna, and must therefore be observed in all link budgets. In practical
terms, they result in a lower bound on the earth~terminal G/T in Eq. (50)
required to meet given service performance objectives., Once again, the
antenna designer is confronted with the "external" system requirements and

international regulations.

Finally, a promising way of designing satellite antennas for flexible use

should be mentioned: the weighting together of many constituent beams
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(Fig. 12) by an on-board beam-forming network (BFN) . A hard-wired BFN may

realise the fixed, but complex coverage required for efficient direct-broad~-
casting services to a given country [25]. This may be far more attractive
than (re-)designing different contoured-beam antennas by reflector shaping,
let alone fitting the cruder elliptical beams assumed in [3], for each new
national coverage. A time-switched BFN operated "on—-off'" in synchronism with
the earth stations results in S$S5-TDMA (Fig. 11), with great inherent
flexibilities in routing and capacity allocation. In an FDMA network with
single-destination carriers, these may be individually enhanced or sup-
pressed by a BFN acting as a lossless, variable power divider. Optimum
settings of the beam weights in different operational contexts have been dis-
cussed recently in [26, 23] and result in an adaptive antenna pattern, with
variable coverage area and variable gain inside the coverage area. The TDRS

S-band phased array (Fig. 1) is an example of such an adaptive antenna.

In conclusion, we note the following trends in satellite communications

antenna technology:

(i) On the one hand, an increasing impact of general system requirements
(including compliance with international regulatioms) on the specific
design and operational exploitation of antennas in satellite systems

(ii) As a consequence, on the other hand more emphasis on adaptive, flexible,
or mtlti-purpose antenna systems, to avoid designs or operational
situations constrained by unpredictable changes in the specific system
requirements or by the substantial non~recurrent costs of developing

any specific space antenna system.

Thus, despite the lost paradise of classical antenna theory uncompounded by
all earthly desires, the human strive of the space system engineer has re-
mained onme for those shapes and patterns which &hether

"dilated or condensed, bright or obscure

can execute their aery purposes'.
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2. Offset Parabolic Reflector Antennas*

by A W Rudge
2.1 Introduction

A Fundamental Advantages and Disadvantages

The offget-parabolic reflector has found applications as an antenna for many
years and was certainly receiving some attention during the 1940's. However,
it is only in comparatively recent times that analytical and numerical models
have been developed for this device which can provide reliable predictions of
its electrical properties. Although the basic analytical techniques were
available at the end of the second World War, the offset-reflector geometry
did not readily lend itself to analysis without the aid of a digital computer.
Hence, it was not until the 1960's that development in digital-computer tech-
nology provided a readily reliable and convenient means for accurate
modelling and optimisation of the offset antenna's electrical performance.

Since the offset-parabolic reflector is a somewhat more complicated structure
to deal with both structurally and analytically, it will be as well to briefly
review its principal advantages and disadvantages as an antenna. First and
foremost, the offset-reflector antenna reduces aperture-blocking effects.
This fact, which is illustrated in Fig.2.l1, represents a very significant
advantage for the offset configuration over comparable axisymmetric counter-
parts. Aperture blocking by a primary-feed or a subreflector, with their
supporting struts, leads to scattered radiation which results in a loss of
system gain on the one hand and a general degradation in the suppression of

' gidelobe and cross-polarized radiation on the other. These latter effects are
becoming increasingly important as antenna spurious radiation specifications
tighten and frequency re-use requirements demand higher levels of isolation
between orthogonal hands of polarization.

*Extracted from 'The Handbook of Antenna Desigh' by Rudge et al, to be
published by Peter Peregrinus, 1982.



A second major advantage of the offset configuration is that the reaction of
the reflector upon the primary-feed can be reduced to a very low order. The
excellent isolation between reflector and primary-feed which can be achieved
implies that the primary-feed VSWR can be made to be essentially independent
of the reflector. When multiple-element or dual-polarized primary-feeds are
to be employed, the mutual coupling occurring between feed elements via the
reflector can be reduced to an insignificant level.

Compared to an axisymmetric paraboloid, the offset configuration leads to the
use of larger focal-length to diameter ratios (F/d)} while maintaining an
acceptable structural rigidity. As a consequence, the offset-reflector
primary-feeds employ relatively larger radiating apertures which, in the case
of multiple-element primary-feeds, will result in lower direct mutual
coupling between adjacent feed elements. The use of larger aperture primary-
feed elements in certain cases can also provide an opportunity for improved
shaping of the primary-feed radiation pattern and better suppression of the
cross-polarized radiation emanating from the feed itself.

The offget-~reflector configuration also has its disadvantages. When
illuminated by a conventional linearly polarized primary-feed, the offset
reflector will generate a cross-polarized component in the antenna radiation
field. When circular polarization is employed, the reflector does not de-
| polarize the radiated field, but the antenna beam is squinted from the
electrical boresight. For small offset reflectors this squinting effect has

also been observed with linear polarization.

Structurally the asymmetry of the offgset reflector might be considered as a
major drawback, although there are many applications where its structural
peculiarities can be used to good advantage. In the design of spacecraft
antennas, for example, an offset configuration can often be accommodated more
satisfactorily than an axisymmetric design, particularly when it is necessary
to deploy the reflector after launching. Nevertheless, it is clear that the
offset geometry is more difficult to deal with and generally more costly to
implement. For these reasons its use in the past has tended to be restricted
to applications where electrical performance specifications have been severe.
The rapid growth in the use of offset antenna systems in more recent times is

an indication of the increasing demands being made upon antenna performance.



B Single and Dual-Reflector Systems

As for its axisymmetric counterpart, the offset-parabolic reflector can be
utilised as a single-reflector fed from the vicinity of its prime-focus, or
arranged in a dual-reflector system where the main offset reflector is
illuminated by the combinatibn of a primary-~feed and subreflector. By this
means offset Cassegrainian and offset Gregorian systems can be designed. a
further dual-reflector system will be dealt with here in which the primary-
feed illuminates an offset section of a hyperboloid, and the combination feed
an offset parabolic retlector. The geometry of this configuration can be
adjusted such that no blocking of the optical path occurs either by the
primary-feed or the subreflector. The primary-feed in this case is located
below the main parabolic reflector. This arrangement contrasts with the open
Cassegrainian configuration originated by Bell Laboratories in which the
primary-feed protrudes through the main reflector. 'To distinguish between
these configurations, the no-blocking case will be termed a double-offset
reflector antenna, while the general case will be referred to as dual-
reflector offset antennas. Figure 2.2 illustrates some of the configurations

which are'of particular interest.

c Background

Much of the initial difficulty in dealing with the offset-parabolic reflector
can be attributed to its asymmetric geometry. This geometry is the key to the
analysis of the offset antenna and to ultimately understanding its electrical
properties. One of the best analyses of the offset-reflector geometry can be
found in a monograph issued By the Bell Telephone System [1]. This work by
Cook et ai, which was concerned with the analysis of a dual~reflector open
Cassegrainian system, was published in 1965 [1]. Much of the subsequent
analysis of the offset reflector either makes use of this geometry or, if
performed independently, follows a similar approach to that established by
these authors [2].

The depolarization proPerties‘of asymmetric antennas have deservedly received
considerable attention in the literature. While the polarization character-
istics of the offset reflector were subject to the independent study of a



number of authors, including the original work by Cook et al [1,2],Chu and
Turrin [3] first published detailed graphical data and provided a clear in-
sight into the beam-squinting properties of the circularly polarized prime-
focus-fed offset reflector. The radiation properties of offset~reflector
antennas with off-axis feeds were studies by Rudge et al [4-7], while
Dijk et al [8,9] performed an in-depth analysis of the polarization losses of
offset paraboloids. The low cross-polar radiation achievable with large F/d
ratio offset reflectors was confirmed by Gans and Semplak [10].

The optimisation of the geometry of dual-reflector offset antennas to reduce
or eliminate cross-polarized radiation was first demonstrated by Graham [11]
and confirmed theoretically by Adatia [12] in the UK. Working independently,
Tanaka and Mizusawa [13 ] established a simple geometric-optics-based formula

for this optimisation process.

The reduction of offset reflector cross polarization by use of a field-
matching primary-feed technique was proposed and demonstrated by Rudge and
Adatia [14,15]. Jacobsen [16] has made the point that, in principle, similar
results could be achieved with an array of Huygen sources directed toward the
vertex of the parent paraboloid and phased to direct the energy into the cone
of angles subtended by the offset portion of the reflector. A comparison of
the radiation pattern and impedance properties of offset-Cassegrainian and
offgset-Gregorian antennas with their symmetrical counterparts has been per-
formed by Dragone and Hogg [17]. Their results confirm the anticipated
advantages of the offset structures with regard to both sidelobe radiation
levels and VSWR. The use of offset-reflector antennas in applications where
very low sidelobe radiation is mandatory has also received attention [18,36].

The avoidance of aperture blockage implies that offset reflectors should
offer good potential as multiple~beam antennas. This possibility has been
investigated by a number of workers. Rudge et al [4-7,19,20] have studied the
use of small clusters of feed elements, both linearly and circularly
polarized, in conjunction with single offset reflectors. Ingerson [21] has
also investigated the off-axis scan characteristics of offset rgflectors, and
Raufmann and Croswell [22] have considered the effect of large axial
displacements of the offset-reflector primary-feed. Ohm [23] has analysed a



proposed multiple~beam earth station based upon a dual-reflector offset
system.

The use of offset-reflector systems to provide shaped or contoured beams for
satellite communications has also received attention. Shaped beams have been
achieved either by deforming the offset-reflector surface, as described by
Wood et al [24], or by the use of a weighted array or primary-feed elements,
as favoured by Han [25] and his colleagues for the Intelsat V communications

satellite.

Although their low sidelobe potential makes offset-reflector antennas
attractive for many radar applications, difficulties were experienced in the
past when a precision tracking capability was required. These difficulties,
which arise as a result of the offset-reflector depolarization, are now well
understood, and the means of compensating for these effects by use of improved
monopulse primary-feeds have been recently demonstrated [26].

2.2 8Single Offset-Reflector Analysis

A Basie Techmiques

Either the surface-current [Ref.29, Section 5.7] or aperture-field [Ref.29,
Section 5.11] version of physical optics may be used to determine the radiated
field. In the former case, the geometrical-optics approximation of the
surface-current density is integrated over the reflecting surface 8; (see
Fig.2.3); in the latter, the geometrical-optics approximation of the aperture
field is integrated over the projected aperture S;. For projected aperture
diameters exceeding 20 wavelengths, the two techniques provide virtually
identical predictions for the co-polarized fields over the main lobe and first
four or fivé sidelobes. At wide angles from the boresight, the predictions
differ and these differences tend to increase with increasing reflector
curvature. For the cross-polarized radiation, the two methods differ
significantly only when the peak levels of this radiation are very low (i.e.
less than -50 dB relative to the peak value of the main beam co-polarized
field). The electric-current method is generally considered to be the more
accurate of the two methods, but for most practical purposes the differences
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between the predictions tend to be insignificant. For small offset parabolic
reflectors (i.e. projected aperture diameters of less than 20 wavelengths)
the discrepancies between the predictions of the techniques become more
diaéernible.

Boswell and Ashton [27] have shown that a beam-squinting effect can occur with
small linearly pélarized offset reflectors. This effect is predictable using
the surface-current technique but not with aperture fields. In their example
a beam squint of 0.03 of a beamwidth occurred with a reflector of
6~wavelengths diameter. This result is particularly interesting in that it is
a comparatively rare exanmple of experimental confirmation of the accuracy of
the surface-current technique for small parabolic ;eflectors.

In dealing with the radiation from large offset-parabolic-reflector antennas
in a moderate cone of angles about the antenna boresight and over a dynamic
range of the order of 50~60 dB, there is, for most practicai purposes, little
significant variation between the predictions obtained by the two methods.
Under these circumstances the technique which is more convenient analytically
and computationally can be employed. On this basis the aperture~field method,
which involves an integzatiom(over a planar surface, results in generally more
simple mathematical expressions and thus offers some saving in computational
effort.

B Offset-Refleetor Geometry

The geometry of a single-offset-parabolic reflector is shown in Fig.2.4. The
basic parameters of the reflector are shown as the focal length F of the
paraboloid, the offset angleveo, and the half angle 8 * subtended at the focus
by any point on the reflector rim. With 6% maintained constant, a rotation
about the inclined z axis will generate a right circular cone with its apex at
the reflector geometric focus. If the boundary of the parabolic surface is
defined by its intersection with the cone, then the resultant reflector will
have an elliptical contour, while the projection of this contour onto the x'y’

plane will produce a true circle.



To deal with this offset geometry it is desirable to obtain a coordinate
transformation from the primary spherical coordinate system of the
symmetrical parent paraboloid to an offset spherical coordinate system about
the inclined z axis. The reflector parameters which are readily expressed in
terms of the symmetrical primary coordinates can then be transformed into the
offset coordinate system. If the symmetrical coordinates are defined con-
ventionally as p', 6', ¢ ' with associated Cartesian coordinates x', y', z',
then their relationships to the unprimed offset coordinates p, 6, ¢ and x, vy,
z are obtained by simple geometry as:

p' =0p (2.1a)
cos 8' = cos 6 cos 8y - sin 8 sin 8, COS ¢ (2.1b)
sin 6' sin ¢' = sin 6 sin ¢ (2.1¢)

sin o' cos iﬁ

tan ¢'

sin 8 cos 8, COS ¢ + cos © sin 84 (2.14)

sin o sin ¢/(cos 6 sin 8y * sin 8 cos 8, COS ¢) (2.1le)

and these equations provide the basis for the transformations. Applying the
transformations, the distance from the reflector focus to a point on the

parabolic surface (p) is given by:

2F/(1 + cos 8')

°©
I

2F/(1 + cos 6 cos 8y ~ sin 08 sin 8, €OS ¢) (2.2)
The diameter of the projected aperture of the offset reflector (d) is:

d = 4F sin o*/(cos 8, * COS 8%) (2.3)
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Similarly the distance (x'p) from the axis of the parent paraboloid to the
centre of the projected apertures is:

x& = 2F sin eo/(cos 8, + COS 8%*) (2.4)
Digtances from the reflector focus in ihe z' = 0 plane can be written:

x' - p (cose, siﬁ 8 COS ¢ + sin**so cos 8) (2.5a)

| y' = p sin o sin ¢ {2.5b)

The Jacobian for a surface element dx' dy' can be obtained from the equations

given as:

dx' dy' = pz sin ¢' de' d¢'

92 sin 6 do d¢ {2.6)

The unit normal to the reflector parabolic surface ($n) is given by:

8, =- 7 (o/4F) (sin o cos ¢ - sin o) & +

n
» - [ -~ -
+ -
sin o sin ¢ ay (cos & + cos eo)aZ (2.7)

c Co-polar and Cross-polar Definitionsg

The radiation fields from an antenna can be completely specified in terms of
two vector components. The definition of the two components at a point in
space and their identification in terms of a co-polarized and cross—-polarized
component is somewhat arbitrary. Ludwig [28] clarified and discussed some of
the popular choices in his 1973 paper. For offset-reflector anténnas which
are operated in a predominantly linearly polarized mode, the definition which
is preferred by the author is the third definition presented by Ludwig in the



referenced paper. With this choice, the principally polarized or co-polar
field is that which would be measured by a conventional antenna-range
technique with the polarization of the distant source initially aligned with
that of the test antenna on boresight, and remaining fixed while the test
antenna is rotated in the normal way to produce the measured radiation
patterns (e.g. see Ref.29, Chapter 15). If the polarization of the distant
source antenna is then rotated through 90°, and the radiation-pattern
measurements repeated, then the recorded data represents a measurement of the

cross—-polar field distribution.

In the primary spherical coordinate system p, 6, ¢ shown in Fig.2.4, the
primary~-feed spherical-coordinate fields will be defined as Eg, Ey. If the
primary-feed antenna has its principal electric vector along the y axis then
the feed co-polar measured-field component (ep) and the cross-polar component

(eq) can be simply defined by [7,28]:

e sin ¢1 cos ¢ E
= ’ . (208)

e cos ¢ -sin ¢ E

Similarly, in terms of the secondary coordinate system, r, Y, ¢, the overall
radiation fields from the antenna will be defined as By, By and the co-polar
(Ep) and cross-polar (Eq) can be obtained from the right—hand side of (2.8)
with ¥, ¢, replacing 6, ¢, respectively.

It is worth noting that a zero cross-polarization primary-feed by the defini-
tion of (2.8) will produce a purely linearly polarized field in the projected
aperture plane of an axisymmetric paraboloidal reflector. This condition
will in turn result in a low level of cross-polarized radiation in the overall
antenna far-field, providing that the reflector aperture is large with
respect to the wavelength and that the blockage effects are small. However,
the field distribution in the mouth of the primary-feed will not be purely
linearly polarized but must exhibit some field-line curvature to establish

this desired radiation condition [30].
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D Projected—aperture Fields

The tangential electric-field distribution in the aperture plane of the off~
set reflector (E;) can be approxi@ated by assuming an optical reflection of
the incident primary-feed fields. If the incident primary field at the
reflector is taken as the radiation field of the primary-feed, then this can
~be expressed as:

- E a-%([aa (8,6) 8, + A, (0,) &, 1 exp (- Jko) (2.9)

where Ag, A¢ are the normalised spherical coordinate components of the
primary-feed radiation pattern and k = 2m/). Optical reflection then yields
the offset-reflector projected-aperture electric-field distribution ex~
pressed in Cartesian components (Eayxs Eay):

Eay (849) -S; € Ay (859)
, = K ‘ (2.10)
E, (656) ¢, S A, (050) -
whete§
ST = (cos 8, *+ cos 8) sin ¢ | (2.11a)
C] = sin & sin 8, = €OS ¢ (1 + cos 8 cos Veo) {2.11b)
K = exp (- j2kF)/2F : ' (2.11¢)

For a circularly polarized primary-feed:

Ear (89) i | &P (ja) -Jexp (Jjo) A, (8,¢)
= e (2.12)

Ea (850) exp (j2) Jexp (-io) A, (8,9)



where Eap and Eap, are the right-hand and left-hand components respectively

and,

Q (6,6) = arctan $4/¢4 (2.13)

If the circularly polarized primary-feed has a normalised radiation-pattern

of the form:
Ry (8:0) = [Ag (0) &g - 3A, (0) 8,1 exp (- o) (2.14)

where the functions Aq and‘A¢ are independent of ¢, then the offset-reflector
aperture~plane fields have the form:

Egy = 3?5. [A, (8) A, (9)] exp [J (6 £ 0)] (2.15)

where M is either'n or L and L takes the upper sign. Eqguation (2.15) can be
satisfied by many practical types of circularly polarized conical horns in-
cluding fundamental mode, dual mode (Potter), and corrugated types [30,31].
It is apparent that when Ay (0) = Aii(e)' which is the condition for zero
crosg-polarized radiation from the conical feed, then the reflector aperture
plane will be purely co-polarized with a beam~squinting phase distribution
given by ¢+ 2. This can be contrasted with the linearly polarized case in
which the introduction of a zero cross-polarized priméry—feed fails to reduce
the projected-aperture field to a single linear polarization, unless the
offget angle 6, is put to zero.

E The Off-focus Primary-feed

When the phase centre of the primary-feed is coincident with the reflector
geometric focus, the incident electric fields at the reflector are described
by (2.9). This eguation assumes that the reflector is in the far-field of the
primary-feed. In general, movements of the primary-feed can be accounted for
by means of a suitable coordinate transformation between a set of coordinates
employed to define the feed radiation and a set describing the offset
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reflector surface. However, if the primary-feed offsets are to be small
relative to the reflector-to-feed dimension (p), then the variation in the
amplitude terms in (2.9) will be small, and the effect of such amplitude
changes upon the predicted radiation fields of the overall antenna will be
negligible for most practical purposes. Similarly, providing the orientation
of the'principal polarization vector remains aligned with one of the principal
axes of the focal plane, the depolarizing effects of the feed offset will also
be negligible. However, the off-focus location of the primary-feed phase
centre will modify the phase terms in (2.9) and this will significantly change
the overall radiation fields.

Referring to FPig.2.5, the location of an offset primary-feed phase centre can
be described in the offset coordinate system x,y,z by the vector 8 or the
cylindrical coordinates 4¢,Ay and ¢5. wheré Ay is a small transverse offset,
Az a small axial offset, and ¢ the polar angle to the x axis in the x,y plane.
Employing'this geometry, a compensating phase term can be derived which, when
used as a multiplying term on (2.9), effectively corrects the phase character-

istics for the off-axis feed location.

Thus, assuming 322 << 1, Ay/p < 1, and Ay/p < 1, the field of the feed can be
assumed to be:

— 'l PS " .

E; =5 [Rg (850) &5 + A, (8,0) &,1 exp [ik (Ry - 0)] (2.16)
where:

R1 (6,9) = By sin 8 cos (¢ - ¢°) + 8, cos © (2.17)

Bimilarly, the electric field in the offset reflector projected aperture
plane can be simply moﬁified to account for the off-axis feed by multiplying
{2.11c) and (2.12).

Imbriale et al [32] have compared the predictions obtained from a scalar
equation for the far-field radiation of a paraboloid (which included a phase
compensation term similar to (2.17)) with a complete vector formulation
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employing coordinate transformations. <Their results support this author's
experience that for small feed offsets, at least up to the point where the
radiation-pattern degradation would be unacceptable for most practical
applications, the quality of the approximate expression is very good. The use
of (2.16) and (2.17) in a vector formulation of the type shown here thus
offers a very reasonable compromise between accuracy and analytical and com-
putational simplicity.

F The Pield Integrals

Making use of the physical-optics approximation and well-established vector-
potential methods, mathematical models can be established for offset-
reflector antennas. For example, employing the tangential aperture-field
approach, the normalised co-polar (Epn) and cross#pblaf (Eqn) radiation
patterns of a linearly polarized offset-reflector antenna can be expressed

as:
2 2 .. )
E n (v,9) 1= t" cos 20 t™ sin 2¢ Fp (v,9)
P - 1+cosy .
2F (0,0
Eqn (v,9) p( ) tz sin 2¢ 1+t2 cos 2¢ Fq (¥,98)
(2.18)

where Fp,Fq are the spatial Fourier transforms of the co-polar and cross-polar
tangential electric~field distribution in the projected-aperture plane of the
.offget-reflector, and t = tan ¥/2.

Similarly, for a ci:culax polarized antenna, the far-field radiation pattern
can be expressed in terms of its normalised right- and left-hand components

by:
2
Ep, (¥52) 1 t© exp (j2¢) Fy (¥,2)
Rn _1+cos¥ . R ™
2F. (0,0
ELn (v,9) R( ) 1:2 exp (- j2¢) 1 FL (v,8)

(2.19)
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where Fr and F;, are the spatial Pourier transformations of the right- and
left-hand components of the projected-aperture tangential electric field.

The general form of the transform in terms of the geometrical parameters
specified in (2.3) to (2.7) is given by:

F = ” Ea (x',y) exp JkR' (x',y,o,¥) dx' dy (2.20)
X',y
where:
R'(x',ys¥,8) = (xc', - X) sin ¥ cos ¢ + y sin ¥ sin ¢ (2.21)

and By is the tangential aperture field as specified by either (2.10) or
(2.12).

To predict the offset antenna radiation pattern it is necessary to set values
for the reflector parameters (F, 6,, and 8*), to specify the primary-feed
radiation fields at the reflector (Ee,E¢), to compute the two-dimensional
transform integrals, and finally to evaluate {2.18) or (2.19). For accurate
predictions, the choice of primary-feed model is critical, while the evalua-
tion of the two-dimensional integrals clearly represents the crux of the

computational problem.

G Primary-feed Models

Techniques for theoretically modelling parabolic reflectors have received
considerable attention in the literature in the past [2-7]. The need for
accurate yet mathematically simple models for the primary-feed radiation has
tended to be somewhat overlooked. However, this aspect of reflector-antenna
modelling is critical and can raise more difficulties and produce more seriocus
discrepancies than many of the differences observed between reflector-
modelling techniques. The accuracy of primary-feed models becomes
particularly critical when predictions of cross~polarized radiation are of

concern.
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For prediction of radiation fields from microwave horns it has been found that
analytical models based upon an assumed tangential electric-field distribu-
tion in the horn mouth can provide reasonable predictions of both the co-polar
and cross-polar radiation fields over the range of angles subtended by a
typical reflector [4,30,34]. In its simplest form this approach, which has
been termed the E-field model, essentially involves an assumption that the
horn mouth is surrounded by an infinite flange. The expressions for the model
in this form are identical to (2.18) or (2.19) with ¥,% replaced by the
primary coordinates 6,¢. The tangential aperture fields in this case can be
taken as the waveguide modes in a cross-section of an infinite waveguide, and
the model can be improved for larger horns by multiplying the aperture-field
expression by a phase distribution function to account for the sphericity of
the phase front in the horn mouth.

For small flare~angle feed horns, where the fundamental mode tangential
electric field distribution in the horn mouth is an acceptable approximation,
the following expressions can be derived for the normaliaedVradiation—pattern
field components (AB,A¢). In each case the principal polarization vector of
the horn is assumed to be aligned with the y-axis of the primary coordinate
system of Fig.2.4. '

(i) Rectangular waveguide horn (TEjg_mode)

With aperture dimensions of 2a in the magnetic plane and 2b in the electric

plane, the expressions can be written:

Ae(e,qa) = A(8,¢4) sin ¢ (2.22a)
A¢(e,¢) = A(8,$) cos 6 cos ¢ (2.22b)
where:

A(8,0) = 7 |cos (ka sin 6 cos ¢) Lin (kb sin ¢ sin ¢) (2.23)
1_(2ka sin e cos ¢)2 L kb sin 6 sin ¢ )

m

E -




£~10

(ii) Cylindrical waveguide horn (TE, , mode)

With an aperture diameter of 2b the expressions for the conical horn can be

written:
2J, (kb sin @) sin ¢
Aa(e.¢) = ( (2.24a)
kb sin ¢
Ji (kb sin 8) cos @ cos ¢
A¢(e,¢) = (2.24b)

1 - [Kb_sin e)z
u.

where Ji(u) = dJl(u}/du and u' is the first root of .Ji(u') = 0, i.e,
a' = 1.841,

Studies have shown that, for horns having aperture dimensions exceeding about
one waveiength, good correlation can be obtained between the E~field model and
horns with finite flanges. Some typical results are shown in Figs.2.6-2.8.
It is noteworthy that the E~field model provides improved predictions over the
method due to Chu [29] when applied to flanged rectangular or conical horns of
either the smooth-walled or corrugated varieties [30]. The differences
between the predictions obtained from the two methods can be very significant

when cross polarization is of interest.

For horns having aperture dimensions of less than one wavelength, the radia-
tion pattern becomes increasingly flange-dependent, and for small or non-
existent flanges the E-field model is not reliable. However, its validity can
be extended into this region by using the E-field model in conjunction with
the geometric theory of diffraction (GTD). The GTD can be applied to predict
the additional contribution of the finite flanges to the radiation field, and
this hybrid model can provide significantly improved predictions for the
vector radiation fields from small horns. A more rigorous solution for the
vector radiation from small waveguide horns can be obtained by an application

of the method of moments [35]. However, this technique is more appropriate
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for the analysis of electrically small waveguide horns alone, rather than in
conjunction with an offset main reflector, when the combined computational

effort may become excessive.

In performing initial design studies and establishing limiting conditions,
the use of idealised primary-feed devices can be convenient. Simple mathemat-
ical expressions for the radiation characteristice of several such devices

are given below:

(i) Small electric dipole (aligned with y axis)

cos 8 sin ¢ (2.25a)

p-d
H

=
i

cos ¢ ' (2.25b)

(ii) Small magnetic dipole (aligned with x axis)

This theoretical device provides a useful model for the radiation from a short
radiating slot in a groundplane, when the slot is aligned with the x axis.

sin ¢ (2.26a)

-
1}

Cos 8 cos ¢ (2.26b)

g
[}

(iii) Huygen source

The Huygen source comprises a spatially-orthogonal combination of an electric
and magnetic dipole. The device forms an ideal primary~feed in the sense that
it is rotationally symmetric and contains zero radiated cross-polar energy.
However, no pattern-width control is available with this model. PFor this

case:

AB = (1 + cos @) sin ¢ (2.27a)
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A¢ = (1 + cos 6) cos ¢ (2.27b)

(iv) Uniform distribution of Huygen sources in a circular aperture

To overcome the fixed pattern-width limitations of the single Huygen source,
an idealised model can be employed which incorporates a circular aperture horn
with 100% aperture efficiency and zero cross-polarized radiation.' Pattern~
width control is available via the horn diameter (2b). The equatione for this
device are:

Ji(kb sin @)

Ae(e,¢) g (1 + €OS 6) = SN § (2.28a)
kb sin ¢
J,(kb sin 8)
A¢(e,¢) = (1 + cos 8) ———————— cos ¢ (2.28b)

kb sin ¢

{v) Idealised dual-mode and corrugated conical horns

The dual-mode (Potter) horn combines the TEj1 and TMj) cylindrical waveguide
modes to produce a radiation-pattern with good rotational symmetry over its
main beam. Cross-polar radiation can be suppressed below -30 dB over a narrow
band (i.e. approximately 5%). The conical corrugated horn provides even
better symmetry and lower cross-polar radiation over a wider bandwidth. With
the assumption that the cross-polar radiation from these devices is
easentially zero, the radiation fields from either device with a diameter of
2b can be modelled approximately by:

Jq (kb sin 8)
A (9,¢) = -—-—--—-———- sin ¢ ' (2.29a)
1- (kbsm e)z :

ut

A¢(e,¢) -—Z—---Y? cos ¢ (2.29b)
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2.3 Electrical Performance Of The Single Offset-Reflector Antenna

A Linear Polarization

The literature provides evidence of a number of analytical models, largely
based upon physical-optics techniques, which have been applied to study the
radiation characteristics of the offset parabolic reflector. Precise ex-
perimental data is somewhat more sparse, but sufficient material has been
published to validate the main concldsions from the analytical studies.

When fed by a purely linearly polarized primary~feed, as defined by (2.8), the
offset-parabolic reflector exhibits a characteristic de-polarizing effect
which results in the generation of two principal cross-polarized lobes in the
plane of asymmetry (i.e. the yz' plane or ¢ = 1/2 plane)in"the coordinate
system of Fig.2.4. Figure 2.9 shows measured data obtained with a precisely
machined offset reflector fed by a fundamental-mode rectangular horn with a
12 a8 illumination taper at the reflector rim [5,7]. Predicted data obtained
from a nume:ical model has been superimposed and, in general, an excellent
correlation is observed. The cross-polar correlation is slightly inferior}
and, in fact, better correlation was observed with later unpublished results.
These radiation patterns are characteristic of the linearly polarized offset
reflector, and similar results have been published by Cook et al [1,2], chu
and Turrin [3] and others. The cross-polar lobes which arise as a consequence
of the reflector asymmetry have peak values in the vicinity of the -6 dB
contour of the main co-polarized beam, and the next subsidiary lobes are
typically a further 20 dB down below the peaks. The co-polar sidelobe radia-
tion has the form of a well-defined diffraction pattern, with a comparatively
rapid decay of sidelobe 1levels with increasing angle from boresight.
Numerical models of the type discussed above reproduce these characteristics
reliably and can be used profitably in performing parameter studies. Por
example, Fig.2.10 illustrates some general sidelobe trends for fully offset
antennas in which the reflector parameters are chosen such that the primary-

feed hardware does not protrude into the projected aperture of the reflector.

It is evident from Fig.2.10 that the peak value of the reflector cross

polarization is dependent very largely upon the parameters 0,,6* and is
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relatively insensitive to the feed-imposed illumination taper. It is also
clear that large values of 8, and 0* result in higher peak levels of co-polar
and cross-polar radiation. However, these results should not be assumed to
indicate the low-sidelobe limitations of the offset system, since at low
levels this is strongly dependent upon the illumination taper introduced by
the primary-feed antenna. In the sample shown, the primary-feed comprises a
uniformly excited circular aperture which does not produce a good illumina-

tion characteristic when low sidelobes are a major concern.

The loss of aperture efficiency, arising from offset-reflectors' depolariza-
tion, tends to be small for values of 8,,9%, less than 45°, but can become
significant for larger angles. Some computer data due to Dijk et al [8,9] are
shown in Pig.2.11.

Figure 2.12 shows the predicted and measured radiation patterns of a linearly
polarized offset reflector fed by an off-axis primary-feed [4,7]. These
results provide further confidence in the quality of the analytical predic-
tions and also serve to illustrate the comparative insensitivity of the peak
cross~-polar lobes to small transversé offsets in the primary-feed location.
The formation of the co-polarized coma lobe is the most evident source of
pattern degradation. Studies have shown that the loss of gain suffered by an
offset~reflector antenna with offset feed is essentially independent of the
transverse plane in which the feed is offset. However, the general radiation
pattern deterioration appears to be more pronounced when feeds are offset in
the plane of symmetry rather than the plane of asymmetry [19-21]. Some
relevant computed data on gain and sidelobe performance is shown in Fig.2.13
[19], but no distinction as to the plane of offset is made for this data. The
off-axis performance of an offset-reflector antenna is dependent upon the
offset angle 6, and is inferior to an ideal (unblocked) axisymmetric antenna
with the same semi-angle 0%, Approximate formulae for the beam deviation
characteristics of offset reflectors have been derived, which illustrate the
role played by the offset angle 6, [19-22].

The cross-polar characteristics of the offset-parabolic reflector are not
unduly sensitive to small reflector profile errors., Small profile errors do
not themselves generate a significant cross-polarized contribution to the
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radiated field but rather act as a phase-error distribution in the reflector
aperture plane. As such, these errors will redistribute the existing co-polar
and cross-polar radiation in the far field of the antenna. However, like the
main co-polar lobe, the two main lobes of the cross-polarized field are
relatively insensitive to the effects of small phase errors and, although
some increase in levels will occur in the subsidiary cross-polar lobes, the
peak lobes will remain substantiaily unchanged [37].

The principal cross-polarized lobes radiated from a linearly polarized
offset-reflector antenna are in phase gquadrature with the main co-polar beam
and are essentially contained within the co-polar beam envelope. The
polarization over the main beam varies from linear at the beam centre to an
elliptical polarization in the region of the cross-polarized lobes. 1In some
applications this will not constitute a serious drawback; but, if linear
polarization is required over the main beam region, then the inherent limita-
tions of an offset parabolic antenna with a conventional primary-feed are
obvious. The peak levels of the cross~polarized lobes can be reduced to low
levels (i.e. below -35 dB), if the offset angle is made very small. This is
evident from examination of Fig.2.14 and Gans and Semplak [10] have described
an antenna of this type with peak cross-polar levels of below -37 dB.
However, if aperture blocking is to be avoided, then 8* < 8p, and this implies
a long reflector structure which may be impractical in many cases.

It is worth noting, however, that a dual linearly polarized offset antenna can
radiate two orthogonal elliptically polarized signals which are resolvable
into their orthogonal components by a suitably elliptically polarized
receiving antenna [38]. Hence frequency re-uge by polarization diversity is
feasible even with a conventionally fed offset parabolic reflector. However,
the pointing accuracy of the antenna must be maintained to a high order of
accuracy if the use of a fast-operating adaptive polarizer is to be avoided.

B Cireular Polarization

With a purely circular polarized primary-feed illumination, the offset para-
bolic reflector does not depolarize the signal. On reflection, each of the
linearly polarized components of the incident wave effectively generates a
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cross~polarized component. However, when the phase-quadrature relationship
is introduced between the linear components it is found that the combination
of the two orthogonal co-polarized vectors and the phase-asymmetric pair of
cross~polarized vectors have the same direction of rotation. Hence the sum of
these two signals results in a purely circularly polarized radiation, but the
sum of the symmetric and asymmetric components results in a squinting of the
radiation pattern from its boresight axis. The beam-squint effect acts to
move the beam either forward or away from the axis of symmetry. The direction
of the movement is dependent upon the hand of polarization.

Chu and Turrin [3] first published computed graphical data showing the effect
of the reflector parameters 6,,0*% upon the magnitude of the beam-squint, and
some key results are shown in Figs.2.15 and 2.16. Adatia and Rudge [39] have
derived an approximate formula which gives the beam-sguint angle (¥g) simply
as:

(x sin o)

¥ = arcsin {2.30)

S 4nF

This formula has been tested against computed and measured data and has been
found, in all cases, to be accurate with 1.0 per cent of the antenna half-

power beamwidth.

¢ Practical Applications

The fully offset parabolic reflector is attractive for many applications, in
that it offers the possibility of improved sidelobe performance and higher
aperture efficiency. Some typical applications are considered below. 1In
thege cases, unless stated otherwise, the primary-feed has been assumed to be

of conventional design and with good polarization properties.

(1) Point-to-point communications

With circular polarization the boresight gain reduction arising from beam-
squinting effects need not be a major problem. For systems employing a single
hand of polarization the beam-squint is simply compensated in the antenna
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alignment. For dual-polarized applications, where the direction of squint is
reversed for opposite hands of polarization, the boresight-gain loss can be '
readily reduced to less than (.03 dB per beam by suitable choice of the
reflector parameters. This loss corresponds to a beam-squint angle of less
than 10 per cent of the antenna half-power beamwidth.

With linear polarization, a very exact alignment of the radiated beam is
called for to remain within the boresight null of the cross-polarized radia-
tion pattern. Practical dual-polarized operation, therefore, demands the use
of a moderately large reflector F/d ratio [10]. Alternatively, good cross-
polarization suppression can be achieved for a single linear polarization by
use of a polarization-selective grid, either in the aperture plane or at the
surface of the reflector [40,41]. A dual-polarized system can then be formed
by interleaving two orthogonal polarization-sensitive reflector surfaces with
separate foci. This is illustrated in Fig.2.17 [40,42].

{ii) Shaped or contoured beams

For certain spacecraft applications, where circularly polarized area coverage
is required, even a 5 per cent beam-squint can produce significant changes in
the gain at the edge of the coverage zone. This problem is simply overcome
for a single hand of circular polarization, but for dual-polarized
applications, the F/d of the reflector must be made as large as possible,
consistent with thé volumetric constraints. When the offset-reflector
profile is deformed to provide a shaped or contoured beam, the beam-squint
compounds the design difficulty; numerical techniques are virtually essential
to achieve a desired beam—shape.

Wood et al [24] described the design and evaluation of a dual circularly
polarized offset antenna intended for the European Communication Satellite
System. The reflector surface was deformed in one plane to p;ovide an
elliptical coverage pattern of 8.6° x 4.90, A co-polar/cross-polar ratioc of
better than 33 dB was predicted over the coverage zone. Limitations in the
corrugated-horn primary-feed performance reduced this figure to 30 dB over
95 per cent of the zone on the experimental model. The tolerances upon the
reflector profile and the location of the primary-feed are also likely to be
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more critical in these designs and the beam shape and gain can be very
sensitive to small feed misalignments [43]. For example, Fig.2.18, which is
taken from [43], shows the variations in the peak gain of an offset reflector
with small primary-feed displacements. This reflector has an F/d ratio of
0.52 and is shaped in the plane of asymmetry to provide an elliptical beam
with an aspect ratio of approximately 1.8 : 1.

For linear polarization, the effective phase error introduced by the de-
parture of the shaped reflector from true parabolic, results in a spatial
redistribution of the cross-polar lobes generated by the reflector. Unless
the reflector offset angle is made small, the antenna will exhibit very poor
polarization purity in the coverage zone. Fasold [44] bhas described a
linearly polarized offset-refléctor system in which the perimeter of the
reflector was contoured to provide an elliptical beam shape. However, the
cross-polarization from this antenna was predictably high, with peak levels
close to -20 dB. For a single linear polarization, good polarization purity
can be restored by use of polarization-sensitive grids; for dual polariza-

tion, a larger F/d ratio is necessary.

Contoured beam shapes can also be achieved by the use of offset parabolic
reflectors with multiple~element feed clusters. The feed elementes are com-
bined in amplitude and phase to generate a desired fodtprint over the coverage
zone. Ultimately this technique offers considerably more flexibility in that
the beam can be reconfigured to a variety of coverage patterns by changing the
relative excitation coefficients of the feed array. The implications on the
offset-reflector design are as for the previous cases, and a relatively large
F/d ratioc must be employed for dual-polarized applications. For applications
demanding good polarization purity there are additional complications in that
the feed array must itself exhibit good polarization properties. The com-
bining network for the multiple elements will alaso be complex and is likely to

be a critical feature of any practical design.

A multiple-feed offset antenna of this class has been developed for the
Intelsat V spacecraft. The circularly polarized system described by Han [25]
employs an offset parabolic reflector with an F/d ratio of approximately
unity. The feed cluster has 78 square waveguide horns and produces
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4 hemispheric-shaped beams, two having right-hand and two left-hand
polarization. The axial ratio of these beams within their respective coverage
zones is less than 0.75 dB and the isolation between beams is better than
27 dB8. The power distribution networks for each beam employ low-loss air
stripline with switches to provide some reconfiguration of the beams for
different subsatellite locations. PFigure 2.19 illustrates a contour plot of
the required coverage zones to be provided by this antenna.

{iii) Multiple spot beams

The performance of the single offset reflector as a multiple-spot-bean
antenna was studied in some detail by Rudge et al [19,20]. 1In this in-
vestigation a three-beam circularly polarized configuration was designed and
optimised using numerical techniques, and a detailed experimental evaluation
was performed on a precisely made breadboard model. Since frequency re-use
within each beam was not required, the antenna design made use of the beam-
squint effect to reduce the beam spacing between the most closely spaced pair
of beams. These beams were orthogonally polarized and had a minimum beam
spacing of 1.1 HPBW with a beam efficiency of 60 per cent. The feed elements
were conical-horn elements with optimum dimensions for cross-polar suppres-
sion (see Fig.2.8) and exhibited an isolation between beamports of better than
40 dB. Pigure 2.20a shows the predicted and measured radiation patterns for
the two beams. Figure 2.20b shows the radiation characteristics of the third
‘beam. A beam to beam isolation of better than 30 dB in the coverage zone was
achieved for this antenna. A means of achieving an outline design of antennas

of this type is described in Section 2.4.

{iv) Monopulse tracking radars

This application, in particular, is one in which the offset-reflector de-
polarization can be a serious handicap. The predicted co—polar and cross-
polar radiation fields of an offset reflector fed by a 4-horn static split
monopulse feed in its tracking mode are illustrated in Fig.2.21. The cross-
polar field can be seen to have a peak on the boresight axis. Randomly
polarized signals from a radar target will result in an output from the
tracking channel in which the boresight location appears to shift
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sporadically. Its precise location at any time will be dependent upon the
relative magnitudes of the orthogonally polarized components in the returning
signal. This boresight uncertainty, which is sometimes termed boresight
jitter, can impose Berious lihitations upon radar tracking accuracies.

S8ince the cause of boresight-jitter is the reflector de-polarization, one
cure (with conventional feeds) is to employ larger P/d ratio reflectors.

Alternative approaches are discussed in Section 2.5.

(v) Low-gidelobe antennas

One of the major attractions of the offset reflector antenna is the
possibility of lower sidelobe radiation. This feature has become
increasingly important in recent years as a consequence of the pressure upon
the available frequency spectrum and the need to avoid interference from both
friendly and unfriendly gources.

Dragone and Hogg [17] have shown theoretically that the fully offset parabolic
reflectors offer significant advantages over théir {blocked) axisymmetric
counterparts. Improvements of up to 10 dB in near-in side-lobe levels can be
inferred from their results given in Fig.2.22. The data shown in Fig.2.10
indicates that first sidelobe levels of the order of -30 dB can be realised
with illumination tapers of the order of -20 dB. 1In fact, more favourable
tapers than those provided by the feed employed in Fig.2.10 can reduce these
levels considerably. Using corrugated horn feeds, pencil beams can be pro-
duced with first sidelobes at the =33 dB level coupled with aperture
efficiencies of 70 per cent. An example of an antenna with this order of
performance is shown in Fig.2.23. Lower sidelobes are also feasible with a
more sophisticated primary-feed design, although some reduction in aperture
efficiency will be implied. Elliptical beams can be generated by offset
antennas in which the firat sidelobes in a specified critical plane can be
suppressed below the -40 4B level [36].

The illumination asymmetry in the principal plane of the offset reflector does
introduce an undesirable shoulder on the beam when larger offset angles are
used. This effect can be detected on the data shown in Fig.2.10 and cannot be



completely obviated except by the use of larger ¥/d ratios or more
sophisticated primary-feeds.

Linearly polarized offset antennas will, of course, generate significant
levels of cross-polar radiation unless the reflector has a large F/d ratio.
However, for most applications it is found that the reflector de-polarization
lies below the co-polarized sidelobe envelope. Hence, the offset reflector
de~polarization does not preclude the use of this antenna in a low sidelobe
role. For smaller offset reflectors, primary-feed spillover constitutes the
main limitation on the overall sidelobe performance. These effects can be
alleviated by good primary-~feed design and some use of shields or blinders

about the antenna aperture.

2.4 Design Procedure for Multiple Spot~Beam Antennas

A Introduction

In the electrical design of a multiple spot-beam offset-reflector antenna a
large number of parameters must be taken into account and a considerable
degree of interaction must be anticipated between these parameters. To
achieve an optimised design it is obviously desirable to make use of numerical
techniques to model the antenna configuration. However, even when
sophisticated numerical models are available, a case can still be made for a
more prosaic design procedure to produce an outline design. By this means the
ranges of the parametric variables in the computations can be reduced and a
better understanding obtained of the trade-offs and compromises involved.

To illustrate this process a step-by-step procedure will be described which
can be employed to establish the outline design of a circularly-polarized
offset reflector with multiple spot beams. A single spot beam can be designed
using this process but the graphical data will not be accurate for very low
sidelobe designs. The design of a linearly-polarized antenna follows a
similar procedure but in this case the asymmetric reflector will not generate
a beam-squint and the usual cross-polar lobes will appear in the plane of
asymmetry. Por linearly-polarized antennas the peak value of these lobes can
be obtained from Fig.2.14.
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B The Design Parcmeters

The step-by-step procedure takes as its starting point a required beam-
coverage specification for a set of n circularly poiari.zed beams. The beam—
coverage specification is expressed as the half-power beamwidth (Yop) of each
beam with its associated beam-pointing angles (¥,,%n). These angles refer to
fixed values in the secondary coordinate system of Fig.2.4. Since the maximum
dimensional requirements of the antenna system are often an important
parameter in a practical design, a volumetric constraint in the form of a
bounding cylinder has been assumed. The bounding cylinder, which is described
by its diameter D and height hy, is assumed to contain both the reflector and
its primary-feed system. The general configuration is illustrated in
Fig.2.24. Other geometric constraints are obviously possible and could be
treated similarly by a suitable geometric analysais.

Referring to Fig.2.24, the defining parameters of the offset reflector
antenna to be specified by the design procedure are the focal length of the
parent paraboloid (F), the offset angle (8p,) and the maximum semi-angle
subtended by the reflector at the focus. Two secondary parameters, which are
of particular interest here, are the diameter of the offset reflector
projected aperture (d) and the clearance (d;) between the parent paraboloid
axis and the lower edge of the projected aperture.

The primary—-feed is defined by type, diameter (2b) and length (2). Three feed
types are considered here; the conical corrugated horn, the dual-mode
(Potter) horn and the fundamental-mode conical horn. The locations of the
primary-feed phase centres, to satisfy the desired beam-pointing criteria,
are given in polar coordinates (Agn,¢pn) in the xy plane (see Pig.2.4) with
origin at the reflector focus. The polar angle ¢, is measured from the

x axis.

Having established values for each of the parameters given above, data can be
extracted from the graphs provided in this section to obtain an outline
performance estimate for each beam. 1In addition to the achievable beam~
pointing specification, which may differ from that desired initially,
estimates can be made of the peak coma-lobe level, the gain loss due to off-~
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axis feed locations, the spillover loss and the peak levels of the cross-
polarized lobes. 1In Table 2.1 the input, output and performance parameters

are summarised.

Table 2.1

Step by step design parameters

Ingt_xt Data

{1) Desired beam—coverage specification
Yon = half-power beamwidth of nth beam

L = poresight pointing-angle of nth beam
$n =  azimuthal pointing-~angle of nth beam

(ii) Volumetric constraints
3] = diameter of bounding cylinder
he =  height of bounding cylinder

Output Data

(1) Basic reflector parameters

¥ = focal length of parent paraboloid in wavelengths

8y = offset angle
g* = gemiangle subtended by reflector rim from focus

(ii) Secondary reflector parameters

d = diameter of reflector projected aperture
d. = clearance distance reflector-to~-feed
(iii) Feed parameters

Feed | ~ hybrid-mode, dual-mode or fundamental-mode conical
type horn

2b = feed horn aperture diameter
b3 = overall length of feed system
{iv) Feed phase~centre location in xv plane

Aen = radial distance from geometric focus
s = polar angle from x-axis
(v) Performance parameters
Achievable beam-coverage specification
Peak coma~lobe levels

Off-axis gain loss

Spillover loss
Peak cross~polarized lobe level
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¢ The Design Procedure

The design procedure commences from a given beam-coverage sSpecification and
the dimensions of the bounding cylinder about the antenna. The procedure is
outlined in Table 2.2. For circularly polarized offset reflector antennas,
the primary-feed location must account for the beam-squinting effects in-
troduced by the asymmetric geometry. This has been dealt with here by use of
a modified 'beam deviation factor®' derived in the text.

Table 2.2

Desgign procedure

Step Operation Output
1 Specify projected aperture diameter a
2 Specify reflector parameters F, 65, 0%
3 Specify primary-feed parameters b, %
4 Determine primary~feed locations | Bens On ?
5 Test for feed spacing
6 Outline performance estimate half-power beamwidth
beam-pointing angles
coma-lobe level
off-axis gain loss
spillover loss cross—
polar lobe level

Step 1: Reflector projected aperture

The minimum half~power beamwidth (¥pjn) required to satisfy a given antenna
specification will define the minimum projected-aperture -area which must be
made available. For a moderate degree of sidelobe suppression (i.e. maximum
sidelobe levels below —~20 dB) a minimum projected-aperture diameter of the
order of 1.1 ) /¥pin will be necessary. To achieve a sidelobe specification of
the order of -30 dB a minimum projected-aperture diameter of at least
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1.2 2/¥pin Will be required. The minimum beam-spacing which can be achieved
with a simple primary-feed configuration is of the order of one half-power
beamwidth, and to achieve this limit with a single reflector implies a com-
V promise with regard to both the maximum sidelobe levels and the spillover
loss, which can be tolerated. To provide some guide to this trade-off, note
that to achieve a beam-spacing approaching one beamwidth implies sidelobe
levels of the order of -20 dB for a beam close to the antenna boresight, and a
corresponding spillover loss of the order of 1.5 to 2.0 dB. From the data and
trends indicated, an initial value for the projected-aperture d can be

gselected.

Step 2: Reflector parameters

In many practical applications the volumetric constraints upon the overall
antenna structure will impose significant constraints upon the range of the
reflector parameters, ¥, 65, and 6*, 1In the procedure eétablished here the
bounding surface of the antenna structure is taken as a cylinder of height h¢
and diameter D. The gecmetry is illustrated in Fig.2.24. The diameter of the
ptojected—&perture of the offset reflector is related to the 6£her parameters
by (2.3) and from the geometry we find:

8.+ 0%
ht = 2F tan ( ) + £ sin eo (2.31)
‘ 2
d%/4 + wtz
D= (2.32)
Wy
where:
. 2
sin 6,
W, =F|1- + % cOS eo {2.33)

t cos 90 + ¢os o*
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The feed clearance distance (d.) is given by:
60 - g¥
dc = 2F tan --—-—--) {2.34)

To avoid aperture~blocking effects and to minimise the reflector reaction
upon the primary-feed, it is desirable that 4. be large enough to provide
clearance for the primary~feed hardware.

When illuminated with circularly-polarized radiation, the offset reflector
will produce a beam-squinting effect, the magnitude of which is a function of
the reflector parameters. With respect to the offset reflector axis of
symmetry, the direction of the squint is toward the left for right-handed
circular polarization and toward the right for left-handed polarization+. In
certain cases it may be desirable to maximise this effect, with the objective
of squinting two orthogonally-polarized beams toward each other. In other
cases it may be necessary to minimise the effect to prevent movement of a beam
which is said to be used simultaneously for two hands of polarization. From
{2.30) the angle squinted through (¥g) can be obtained to an accuracy of
better than 0.01 )/d.

Baving established an initial value for d from Step 1, the equations
(2.30-2.34) can be employed to tabulate the values of hy, D, d. and ¥g as a
function of only 85 and 6%, An initial value of between 5 and 10 wavelengths
should be allowed for the feed length &. To provide an example, Pig.2.25
shows these values for a constant projected-aperture (d) of 70X and £ = 10).
Given the volumetric constraints in terms of hy and D, a range of acceptable
parameter combinations may be obtained from these data. The range can be
expressed, for example, as the combination which maximises 6, and that which
minimises 0, while satisfying the volumetric constraints and providing an
acceptable feed-clearance distance ds. Initial values for F, 0, and 6% can
thus be established as one, or both, of the limiting values of this range or,
alternatively, a combination which corresponds to a suitable mid-point in the
8o spread. In making this choice the following comments may be found useful:

+ : i i
A wave receding from an observer having clockwise rotation of the electric
field is taken as right-handed circular polarization.
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If two polarizations are to be employed on a single-beam ¥g should
be made as small as possible. If dual polarization on a single beam
is not contemplated and two orthogonally polarized beams are to be
closely spaced, then the beam-squint effect may be utilised use-
fully to reduce the spacing of the beans.

Large values of 6,5 + 0* tend to produce increased distortion of
off-axis beams and some disparity in the sidelobe performance in
the two principal planes. Figure 2.10 presents some computed data
showing the sidelobe trend for on-axis beams.

Step 3: Primary-feed parameters

Three practical primary~feed types are considered here as suitable feed

elements for an offset reflector antenna:

(1) The corrugated or hybrid-mode conical horn,
{i1) The 'Potter' or dual-mode conical horn,
(iii) The fundamental mode (TEj;;) conical horn.

Both the hybrid-mode and dual-mode horns can be considered to be high per~
formance feeds for the circularly-polarized offset~reflector antenna. The
cross-polarization generated by these devices is of a very low level (i.e.
< =30 4B) and the co-polarized beam is rotationally symmetric with low side-
lobe radiation; VSWRs in both cases can be made very low (i.e. < 1.1 : 1).
The dual mode horn is a somewhat narrow-band device with a bandwidth of the
order of 5%. The hybrid-mode feed can be operated over significantly larger
bandwidths and its drawbacks in the multiple-beam application are largely a
function of its higher ~mass and that the corrugations make its outer
dimensions significantly 1larger than its radiating aperture area. In
addition, both the corrugated horns and the dual-mode horn have a tapered
aperture-illumination which implies a lower gain for a given aperture
diameter. This feature can be very undesirable when closely spaced beams are

required.
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The small flare-angle fundamental-mode conical-horn will operate over a
reasonably wide bandwidth and has an aperture diameter which is approximately
11% smaller than that of either the hybrid-mode or dual-mode horn for
approximately the same shape main-beam illumination characteristics. The
fundamental-mode horn generates a cross-polar component, however, which has a
minimum value when the horn aperture is 1.14 wavelengths in diameter. The
cross-polar characteristics of the horn are summarised in Fig.2.8a. The
effect of the horn cross-polar radiation is illustrated in Fig.2.26 which
shows typical values of radiated cross-polarization peaks from offset
reflector antennas fed by TE;; mode horns of diameter 2b. The peak values
occur in a crest around the main co~polar beam, at points corresponding to the
~10 to -20 dB level of the main co-polar beam and are theoretically similar in

any plane,

Either a hybrid-mode horn or a dual-mode horn is generally preferable from the
point of view of illumination characteriséics. Howevér. for closely-spaced
beams it may be necesaa:y to employ the physically smaller, higher gain,
fundamental-mode horn. V

Having established values for 6, and 6* in Step 2, the aperture radius (b) of
either a hybrid-mode, dual-mode or fundamental-mode horn can be determined to
provide a specified sidelobe performance for an on—-axis beam. From Fig.2.27
the necessary aperture-illumination taper (T) to produce a given sidelobe
level is illustrated for several values of 6*. The illumination taper on an
asymmetrical reflector differs in its principal planes and this is accounted
for in Figs.2.28 and 2.29. The illumination taper T iz composed of a sym-
metrical component G, which is a function of the feed aperture diameter (2b),
plus a space-factor S which is dependent upon 8 in the plane of symmetry (Sg)
but essentially independent of 8o in the plane of asymmetry (Sa). The decibel
sum of either G + Sg or G + S, provides an effective illumination taper T for
each principal plane which is related to the first sidelobe levels in these
planes in Fig.2.27. The illumination taper G + S, is in fact the mean value
of the edge illumination, which varies around the reflector periphery. The
taper G + Sg corresponds to the minimum taper value and the correspondence
between this factor and the resultant sidelobe prediction has been tested



against computed datg and found to be accurate within 1 @8 for illumination

tapers of not more than 10 4B.

While employing Pigs.2.27-2.29 to select a suitable feed diameter, it may also
be desirable to be aware of the beam-broadening effect of the edge
illumination taper upon the radiated beam. In Pig.2.30 a beam-width factor N
is shown as a function of the illumination taper T. The half-power beam-width
of the radiated beam in question can be obtained from:

= N
Yon ° T (2.35)

The length of the primary-feed elements can then be estimated by assuming a
typical flare for the feed of the order of 10 degrees semi~angle. Having
determined the aperture radius b, the feed length can be simply derived, but
on specifying £ an additional allowance must be made for the location of such
components as polarizers, orthomode transducers or transitions if they are to

be employed.

Step 4: Primarv-feed location

Since the offset reflector antenna is an asymmetric structure, some decision
must be taken with regard to the relative alignment of the reflector axis of
symmetry and the beam-cluster to be generated. In certain cases this decision
may be dictated by other considerations but, where a freedom of choice exists,

the following general points are worthy of consideration:

Gain loss due to off-axis beam locations is virtually independent

of the plane of offset;

The beam-squint effect can best be used to squint beams together, or
apart, by locating orthogonally polarized beams on opposite sides
of the reflector axis of asymmetry (i.e. about the plane ¢ = 0°).

The quality of the radiation pattern appears to be best maintained by locating
off-axis beams in the plane of asymmetry (¢ = 90°). Off-axis beams in the
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plane of symmetry (¢ = 0) tend to exhibit a ‘'shoulder' on the main beam for
relatively small off-axis shifts.

Having aligned the reflector axis of symmetry with the regquired beam cluster,
beam locations can be specified in terms of their pointing angles ¥h,%,. From
Steps 1-3 initial parameter values have been assigned for both the reflector
and the primary-feed. The primary~feed aperture radius for any specified beam
(by) has been selected initially purely on the desired illumination
characteristics for an on-axis beam. When several beams are to be generated
from a single reflector, this initial value may well be modified.

From a knowledge of the initial estimate of the feed radius (b,) Figs.2.28 and
2.29 can be employed to determine the mean illumination taper (G + S,) dB.
This illumination taper can then be applied in Fig.2.31 to obtain the relevant
beam deviation factor (Bgs) for this reflector and feed configuration.

Given the beam-pointing coordinates (¥,,%p), the location of the primary-feed
phase—cehtre is to be specified in terms of the focal region coordinates
(ttnidn). The derivation of Agp,$dpn, is complicated by the beam-squinting
effect, but this effect has been accounted for in the following equations.
The direction of the squint is a function of the hand of polarization and in
(2.36) and (2.37) the choice of the upper sign implies a beam-squint toward
the axis of symmetry of the antenna (¢ = 0) while the lower sign should be
taken for a squint away from the symmetry axis, The equations provided have
been tested against computed data for high gain offset-reflector antennas
(d greater than 20 wavelengths) and found to produce good results for off-
axis beams within 10 degrees of the antenna boresight, providing that the
comatic distortion of the radiation pattern is not excessive.

To determine Ag¢p,dn, the following procedure is followed:

The beam-squint angle (¥g) can be obtained from (2.30).
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The azimuthal feed-location angle (¢,) is then given by:

sin wn sin Qn + sin ws
¢ = arctan . (2.36)

n .
sin ‘Yn €os ‘bn

The effective focal-length for the offset reflector is given by:

1 + cos &* ,
F =F (2.37)
cos eo + cos 6*

and the radial feed location distance Ay, is then given by:

F y
= L (sinzwn + sin
Byr

2 : ,
Ben LA 2 sin 7 sin ¥g sin @n) (2.38)

Step 5: Test for feed-spacing

Having followed Steps 3-4 for the beam~pointing angles of interest, a test
must be carried out to ensure that the feed aperture~-dimensions and the feed
locations are physically compatible. In the event that the configuration
fails this test, the dimensions of one or more of the feeds must be reduced
and Steps 3-5 reiterated until an acceptable compromise is reached.

Step 6: Outline electrical performance

The outline electrical performance of the multiple~beam antenna configuration
derived from Steps 1-5 can be estimated by reference to the data provided
here. Commencing with the primary~-feed radius for the nth beam (bp),
Figs.2.28 and 2.29 can be employed to determine the feed mean illumination
taper T, given by (G + Sa) dB. From Fig.2.30 the half-power beamwidth for the
beam can then be obtained. Although this data was computed for on-axis beams,
it has been found that the half-power beam-broadening effect due to a small
shift from the focus is small for offset-reflectors with 8* not greater than
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459, An estimate of the spillover loss for this combination of feed and
reflector can be obtained from Pig.2.32. FPor a fundamental-mode conical horn
a guide to the peak cross-polarization level in the antenna far-field can be
obtained from Fig.2.26 which was compiled from computed data for offset re-
flectors with offset angles in the range 35-45° and 6* in the range 30-35°.
The B~field model for the radiation from an open-ended circular waveguide was
employed in the computations and it was found that the predicted levels were,
to a first order accuracy, independent of the reflector parameters over the
range indicated. It has also been noted that the peak levels of the cross—
polarized radiation are relatively insensitive to small beam offsets. |

Finally, the curves provided in Fig.2.13 give some indication of the reduction
in gain which can be anticipated for an off-axis beam and the level of the
peak coma-lobe. Interpolation between‘theae computed characteristics will
provide an indication of the antenna performance, but exttapdlation should be
applied with caution, since radiation patterns,which involve significant gain
losses due to off-axis beams may also exhibit other distortions than the coma-
lobe characteristic indicated. Any significant discrepancies between the
desired antenna performance and that realised, will demand a :eiteration of

the process from the relevant step in the procedure.

D A Beam Deviation Factor For Offset Reflector Antennas

For an axisymmetric parabolic reflector, given a beam-pointing specification
(Y',9') the corresponding primary-feed location can be expressed in terms of

focal plane polar coordinates Aip.épn, as in [63].

v e |
Btn = f;_i;UEJL_ (2.39a)
df

o = 3! , {2.39b)
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where Bgg 18 termed the Beam Deviation Factor and is a function of the
reflector curvature and the feed illumination taper, and P' is the focal
length of the axisymmetric paraboloid.

Por offset reflector antennas with offset angles not exceeding 45° it has been
found that, in the absence of beam-squinting effects, the relationships ex-
pressed by the above equations can provide useful results by applying a
concept of an 'equivalent' symmetrical reflector. '

Equivalence is taken here to imply a symmetrical reflector which subtends the
same semi-angle 8* and has the same value of projected-aperture diameter as
the offset reflector of interest. Equating projected-apertures for offset
and symmetrical reflectors of the same semi-angle 8*, we find that the focal—

length of the equivalent réflector is given by:

(1 + COS e*) F
F. = (2.40)

e cos eo + cos g%

where F is the focal length of the offset reflector as defined in Fig.2.1.
The dimension Fg, which will be a constant for any given offset reflector,
could also be interpreted as the effective focal length of the offset

reflector.

Substitution of the effective focal length for F' in (2.39a) will provide a
relationship between the primary-feed location and the resultant beam-
pointing direction, which is valid for offset reflectors in the absence of
beam-pointing effects. From an examination of the beam-squint phenomenon in
high~gain offset reflector antennas, it has been observed that, within the
small cone of angles of interest here, the beam-squint acts similarly on every
radiated beam to either shift this beam toward or away from the axis of
symmetry of the reflector. On a contour plot of the antenna beam coverage (in
sin ¥y space) the direction of this shift is thus perpendicular to the ¢ = 0
axis, with a magnitude given by sin ¥g5. This is illustrated in Fig.2.33 where
the primed coordinates ¥',¢' indicate the position of the beam prior to the

action of the beam-squint effect and V¥n ¢n denotes the final location of
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the beam. 1In the case illustrated the hand of polarizaticn has been chosen to
squint the beam toward the antenna axis of symmetry. Use of the opposite hand
of polarization would result in a squint of the same magnitude, still acting
perpendicular to the axis of symmetry, but acting in the opposite sense to
that shown and thus leading to ¥, » ¥ and o> &',

Making use of (2.30) and the geometry of Fig.2.33 the relationship between the
unsquinted and the squinted locations of the radiated beams can be resolved
into radial and azimuthal components as follows:

sin ¢! = ,d/(31"2?n + sinzws + 2 sin ?n sin Ys sin on ) (2.41a)

sin v_sin ¢ =+ sin vy
n n S (2.41b)

tan &'
sin ¥ cos o

where a choice of the upper sign implies a shift toward the axis of symmetry
and the lower sign indicates a shift away from this axis. Substitution of
(2.41) in (2.39) provides an approximate offset reflector beam-deviation

factor, inclusive of beam-squint effects.

2.5 Primary Feeds For Offset-Reflector Antennas

A Offset~reflector Foecal-plane Fields

The offset parabolic reflector has many obvioue advantages, but the de~
polarizing beam-squinting phenomena clearly represent a major limitation in
many applications. However, since analytical insight has provided a good
understanding of the casual factors, it can also indicate the necessary cure.
To follow this vein, it will be useful to consider the form of the electro-
magnetic fields set up in the focal region of the offset reflector when a
plane wave is normally incident upon the reflector aperture plane.

Bem [45] has performed an analysis of the focal-plane fields which, although
limited to normally incident waves, has the particular merit that the trans-
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verse focal-plane fields Ex, Ey can be expressed approximately in a simple
closed form. Valentino and Toulios [46] confirmed Bem's results by extending
them to include incident waves making small angles with the reflector bore-
sight and comparing their results with measured data. Ingerson and Wong [47]
have also employed a focal-region field analysis to determine beam-deviation
factors for offset-reflector antennas. For offset-reflectors with long focal
length and polarized in the plane of symmetry, we have from Bem's analysis:

ZJ](u) . Jjd sin 8, J{u)

Ex(u,¢o) = cos ¢, (2.42a)

u F u

~-Jjd sin 8 Jz(u)
F

Ey(m%) = sin ¢, « (2.42b)

where r',§o are polar coordinates in the reflector focal plane with origin at
the geometric focus, u(r') is a normalised parameter representing the
distance r' to a point in the focal plane and all multiplying constants have
been suppressed. Jp{u) is the Bessel function of order n. The solutions for
the wave polarized in the plane of asymmetry is achieved from (2.42) by
interchanging x and y and replacing ¢4 by 27 - ¢o-.

Inspection of (2.42) reveals that the cross-polar component (Eyx) is an asym-
metric function with a magnitude increasing with the offset angle 6, and in
phase quadrature with the principal axisymmetric co-polar component. The
axisymmetric co-polar term is also modified by the presence of a quadrature
component which is identical to the cross-polar term in all but its dependence
upon $o. Figure 2.34 shows an idealised contour plot of the amplitude of the
focal-plane field in the vicinity of the geometric focus.

B The Offset-veflector Matched—-feed Concept

If the primary-feed is to praviae an optimum conjugate match to the incoming
field, then its aperture fields must exhibit similar polarization
characteristics. Conventional high performance axisymmetric feeds (such as
the corrugated horn) provide a conjugate match to the co-polar component



only, which results in the apparently poor polarization properties of the

offset reflector.

The focal-plane field distributions described by (2.42) can be matched very
effectively by making use of higher order asymmetric waveguide modes. Rudge
and Adatia [14,15,26 ] have proposed a class of new primary-feed designs
employing mode combinations in cylindrical, rectangular and corrugated
waveguides. To illustrate the general principle of this approach, Fig.2.35a
illustrates the nature of the symmetric and asymmetric components which make
up the offset-reflector focal-plane fields for two linear polarizations. To
adequately match this characteristic in a smooth-walled cylindrical
waveguide, the required asymmetric mode is the TEp;. Figure 2.35b shows the
field distribution in the conical-horn mouth for the two orthogonal TEj; modes
which, for convenience, are designated TEl and Tngl. The transverse field

1
components of these modes (Ei, E;, Ei, Ey) can be readily derived from the
solution of the vector wave equation in the cylindrical guide [29]. 1In terms
of a normalised distance parameter u' and a polar angle ¢o'and omitting

multiplying constants, these components can be expressed as:

EN(u's0,) = K'[3;(u’) cos ¢ + Jy(u') cos 3o,] (2.432)
;;(u',¢o) = =K[3;(u') sin ¢ - Jy(u') sin 3] (2.43b)
E2(u',0,) = K*[3;(u') sin o, + dy(u') sin 3¢] (2. 44a)
E§(u',¢o) = K"[J;(u') cos o, - Jz(u') cos 3g] (2.44b)

where K' and K'' are constant factors proportional to the complex coefficients

of the two TE3) modes.
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In the principal planes ($o = 0 and n/2), Equations (2.44) reduce to:

E)(u',0) = 4K'J,(u")/u’ | (2.452)
E;(u',O) =0 (2.45b)
El(u',n(Z) =0 (2.45¢)
E;(u‘,«/Z) = 4K'32(u')/u‘ (2.45d)

Comparing (2.45) with the asymmetric terms in (2.42) it can be seen that the
coefficient of the Tﬁél mode can be selected to provide a perfect match to
both the co~polar and cross-polar asymmetric components when the reflector is
polarized in the plane of symmetry (ie along the -x axis}. For operation with
the principal polarization along the y axis (plane of asymmetry) from (2.44)},

the ngl mode gives in the principal planes:

Ei(u‘,ﬂ) =0 (2.46a)

2 i - n 1] -

Ey(u »0) = 2K"J5(u") | (2.46b)
Ei(u',«/Z) = 2K“Jé(u‘) , (2.460)/
Ei(u‘,af2) = 0 (2.464)
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where:
3y(u') = ddy(u')/du’

Equations (2.46) can be compared with the asymmetric components of the
reflector focal-plane field for a wave polarized in the plane of asymmetry.
Making the necessary simple transformations in (2.42) the asymmetric com-

ponents (E3) are given by:

ES(u,0) = 0 (2.47a)
Jjd sin 8 J,(u)
£2(u,0) = 0o 2 (2.47b)
y 2F u
Jjd sin s_ J,(u)
E2(u,7/2) = o 2 (2.47¢)
2F u
E;(U,W/Z) =0 (2.474)

Comparison of (2.46) with (2.47) indicates a non-ideal match. However, the
Bessel differential functions Jé(u) have very similar general characteristics
to the Jz(u)/u distribution; and, by judicious choice of the constant K'', the
two functions can be closely matched over the aperture of the feed horn.

The differences in the principal-plane distributions of the orthogonal TEj;
modes is a consequence of the boundary conditions imposed by the smooth-walled
cylindrical structure. The boundary conditions have similar implications
with regard to the lack of axisymmetry in the co-polarized radiation arising
from the fundamental TE;j; mode. To achieve axisymmetry in the co-polarized
radiation it is necessary to add a component of the TM;; mode. This technique
is well-established and forms the basis of the well known dual-mode horn or



Potter horn [31]. For cylindrical corrugated structures in which the fields
gatisfy anisotropic boundary conditions, it can be shown that the
corresponding HEj; hybrid modes have identical distributions in the principal
planes. Combined with the fundamental HE)j mode, these structures can provide
a close to ideal match to the offset reflector focal fields in both principal
polarizations.

In Table 2.3 the modes required to provide focal-plane matching with three
different feed structures are summarised. The cylindrical structures are .
also suitable for use with two hands of circular polarization. The corrugated
rectangular case, although equally feasible, is not shown since the mode

designations for this structure are not standardised.

Table 2.3

Waveguide modes for offset reflector focal-plane matching

Waveguide modes

Principal polarization

Feed structure Plane of symmetry (~x) Plane of asymmetry (y)
Smooth~walled TEil + Tuil + TE;l Tsil + Tuil + TE§1
cylindrical*
Corrugated HEl + HEl HEZ + HEZ

X ; .11 21 11 21
cylindrical*
Smooth-walled TE,, + TE,,/T™ TE_ . + TE
rectangular 10 117711 01 20

Efficiency optimisation techniques, such as those described in a recent
review paper by Clarricoats and Poulton [31], can be applied to optimise the
performance of the offset antenna. If Ei, §l are the offset-reflector focal-
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plane fields and Eé. Eé the fields created at the aperture of the primary~feed
when unit power is transmitted, then the efficiency can be obtained from an
integration of these fields over the aperture plane of the feed(s).

n=']2" f(ﬁlxﬁzi-ﬁ-lez)'dg (2'48}
s

Optimisation of this n parameter will lead to the optimum values of the mode
coefficients, but the optimum efficiency condition will not be the desired

condition for all applications.

Alternatively and more simply in this case, the antenna co-polar performance
can be optimised independently to whatever criterion is relevant and the
cross-polar performance simply optimised by choice of the higher order mode
coefficients. The interaction with the co-polar characteristic will be small
and generally favourable in that the higher order modes which cancel the
offset reflector cross-polar lobes will alsc act to compensate for the asym-
metric space-attenuation factor introduced by the offset geometry.

The optimum values of the complex coefficients of the modes can be determined
by using the mathematical techniques described in the early sections, with the
desired higher order modes included in the primary-feed models. By examining
the cross-polar radiation pattern of the offset antenna, for a range of values
of the mode coefficients, the optimum characteristice can be readily
determined. The close correlation between the value of the first cross-polar
lobe peaks and the required level of the higher order mode coefficient in the
primary~feed will be found to be an excellent guide in most cases.

Trimode devices based upon the matched-feed principle have been constructed
in smooth-wall cylindrical guides and dual-mode rectangular feeds have also
been demonstrated. These prototype devices were constructed for operation
with a single linear polarization. A fully dual-polarized version of the
trimode cylindrical structure has been recently developed and corrugated
hybrid-mode versions have also been studied [48]. The practical aspects of
the matched~feed approach can best be realised by examining the design of the
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prototype trimode device introduced in 1975 [14]. The basic configuration is
illustrated in Fig.2.36.

c Prototype Trimode Matched-Feed

The trimode primary-~feed is essentially a small flare~angle conical horn with
two steps or discontinuities. The first step region (d3/d;) is asymmetric and
generates the TEj; mode. The diameter d; cuts off all higher modes. The
second step (dy/dj) is axisymmetric and the guide dimensions cut off all modes
above the TM;;. The symmetry of this discontinuity avoids the further
generation of the TE;; mode. The amplitudes of the modes are governed by the
ratios d3/dy and d3/d; and the relative phases of the modes are adjusted by
the constant-diameter phasing section which follows each discontinuity. The
modé amplitudes required are a function of the offset Sngle 6o and the semi~
angle 8* of the offset reflector. Typically, the required mode amplitudes lay
in the range 20-30 dB below the fundamental. The diameter of the primary-feed
aperture is selected in the usual way to satisfy the illumination requirements
of the reflector. The overall length of the feed is between 0.25 and
1.0 wavelengths greater than a conventional axisymmetric dual-mode feed of
the Potter type.

Predicted and measured radiation characteristics of this feed are shown in
Fig.2.37. The feed has an aperture diameter of 2.8 A and the measurements are
made at 30 GHz. When used with a precision offset reflector with parameters
P=22.7%, 05 = 440 and 6* = 300, the matched-feed provides a significant
improvement in cross-polar suppression over a conventional feed. Typically,
feeds of this particular design can provide a minimum of 10 dB additional
suppression of the reflector cross-polarization (relative to a conventional
primary-feed) over a 4~5 per cent bandwidth. At mid-band the additional
cross-polar suppression can approach 20 dB. Typical radiation pattern and
bandwidth characteristics are shown in Figs.2.38 and 2.39. These character-
istics should not be interpreted as defining the fundamental bandwidth
limitations of multimode matched-feed devices. A number of techniques can be
applied to improve the bandwidth of the feeds. For example, dual-mode
corrugated horn devices should offer significantly improved performance in
this respect [48]. ‘
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Flg. 2.35 (a) Field configurations of symmetric and asymmetric compo-
nents of the offset-reflector focal-plane fields with the incident wave
polarized in the plane of symmetry and in the plane of asymmetry.
(b) Required field configuration in the apertuie of s circular hom for
focal-plane field matching in the orthogonal linesar polarizations,
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Flg. 2.36 Prototype trimode offset-refiector matched-feed device.
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D Matched-Feed for Monopulse Radars

The undesirable effect of offset-reflector de-polarization upon precision
tracking monopulse radars has been mentioned. Rudge and Adatia [15,26]
proposed that the matched-feed principle could be applied to this problem by
incorporating the necessary higher order modes in a 4-horn static split feed.
The questionable features of this application were identified as:

{i) the level of cross-polar suppresgsion which could be achieved by an
essentially off-axis rectangular feed element, and

(ii) whether the matched-feed condition could be maintained for both sum
and difference excitations of the mono-pulse feed.

The proposal was investigated by mathematical modelling of the offset
reflector with its multimoded feed elements and the construction and evalua-
tion of one element of the 4-horn feed. Figure 2.40 shows the computed cross-
polar levels for a 4-horn matched-feed and a conventional 4~horn device. The
difference chanhel radiation pattern in'the principal plane (¢ = 0) has gero
cross-polar radiation and is not shown in the figure. Figure 2.41 shows the
rectangular feed element and Pig.2.42 summarises the measured radiation
pattern and VSWR bandwidth performance of this K-band device. It was con-
cluded that significant reductions in boresight jitter can be achieved by

matched~feed techniques.

2.6 Dual-Reflector Offset Antennas

A The Open Cassegrainian Anterma

For applications involving complex primary-feed structures, the use of a
Cassegrainian feed system has some obvious advantages. In particular, the
Cassegrainian configuration allows the feed elements and the associated
circuitry to be located close to the main reflector surface, possibly avoiding
long RF transmission paths and the need for extended feed support structure,
while the forward-pointing feed format can be a desirable attribute for

applications requiring low-noise performance.
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Of the variety of offset Cassegrainian systems proposed in the literature,
perhaps the best known is the open Cassegrainian antenna introduced in 1965 by
the Bell Telephone Laboratories [1,2]. The antenna, shown in Pig.2.2 com-
prises an offset section of a paraboloid and an offset hyperboloid sub-
reflector, fed by a primary feed which protrudes from an aperture in the main
reflector surface. With this configuration it is possible to design the
antenna such that the subreflector does not block the aperture of the main
reflector. However, as a direct consequence of the positions of the primary-

feed, some aperture blockage due to the feed system is unavoidable.

The analysis of the complete antenna can be performed by means of the
physical~optics~-based current distribution technique for the subreflector and
the aperture-field integration method for the main reflector (see Fig.2.43).
Expressed in spherical coordinate components (Eg, E¢), the» subreflector
fields thus obtained can be inserted into (2.10) and (2.12) to determine the
tangential aperture fields of the main reflector and, hence; via (2.18) or
(2.19) to determine the far fields of the overall antenna. Thus the analysis
essentially involves thé evaluation of four two-dimensional diffraction
integrals at each field point. Under certain circumstances, use can be made
of the axes of symmetry afforded by the subreflector geometry to eliminate the
azimuthal dependent integrals, thereby alleviating the computational problem.
Ierley and Zucker [49] have also described a technique for reducing the double
integrals associated with the main reflector into a more convenient one-
dimensional form. The technigue, which is based upon an application of the
stationary-phase approximation in the azimuthal part of the integral, allows
more economical predictions of both the near-in and the far—-out sidelobe

performance of the open Cassegrainian antenna.

In general, the basic radiation characteristics of the open Cassegrainian
antenna do not differ significantly from those of an equivalent single-
offset-reflector antenna. To avoid aperture blockage, the open Cassegrainian
antenna must employ large offset angles and, when fed by conventional primary-
feeds, exhibits beam squinting and de-polarizing characteristics which are
similar to the single offset reflector. However, for applications where these

particular performance parameters are not of major concern, the open
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Cassegrainian configuration offers excellent potential for realising high
overall efficiency and low wide-angle sidelobe radiation. Figure 2.44 shows
an open Cassegrainian antenna of the Bell Laboratories design located at the
University of Birmingham in England. Figure 2.45 shows measured and pre-
dicted data made on a precision model of this design at the Bell Laboratories.
This antenna had a computed efficiency of better than 65 per cent (including
spillover and scattering losses, but not ohmic loss).

B The Double-Offset~Reflector Antenna

An alternative dual-offset-reflector configuration, which offers a number of
attractive features, is the so-called double-offzet antenna shown in Pig.2.2.
This antenna, which was first implemented by Graham [l11], provides a
convenient location for the primary-feed hardware by use of an offset section
of a hyperboloidal subreflector in a Cassegrainian arrangement. Two varia-
tions of the double offset are illustrated in the figure. A Gregorian
version, in which the subreflector comprises an offset portion of an
ellipsoidal reflector, is also feasible and has been considered by
Mizugutch et al [50]. For either of the versions shown, the overall antenna

geometry can be designed to be completely free of aperture blockage.

Analyses performed by several workers [12,13,50,52] have shown that the
double-offset antenna can be designed such that, when fed by a conventional
linearly polarized primary-feed, the de-polarization arising from the two
offset reflectors can be made to cancel, thus providing an overall low cross-
polar characteriatic. This performance is achieved by matching the scattered
radiation fields from the subreflector to the main reflector.

The principle is essentially similar to the matched-feed approach previously
described for single offset reflectors and, in theory, the technique offers a
greater potential for broadband performance.

Approximate techniques based upon the use of geometric optics [13,50,51]
indicate that a perfect match can be achieved (i.e. giving zero cross-polar
fields in the main reflector aperture) when the axis of the parent sub-
reflector surface is depressed by an angle (a) from the axis of the parent
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tlg. 2.43 Subreflector geometry,
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Fig. 2.44 6-m open Cassegrainian antenna located at the University of
Birmingham, England.
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paraboloid. This condition is illustrated in Fig.2.2. A mathematical
expression relating the depression angle a to the parameters of the sub-
reflector has been derived by Mizugutch et al [50]. 1In its simplified form
this can be expressed as:

tan & = L tan Eﬁ’-‘ (2.49)
2 M 2 *

where M = (1 + e)/(1 -~ e) and e is the eccentricity of the subreflector, Yq is
the feed offset angle, and the geometry is illustrated in Fig.2.46.

Structurally, the optimised geometry is not very compact and this can be a
drawback for applications where the volumetric constraints are severe.
Earlier experimental results described by Graham [11] and the rigorous
diffraction analysis performed by Adatia [12] confirmed the general validity
of the cptimisation formula, although the level of cross-polar suppression is
not independent of the subreflector dimensions and curvature. Later results
obtained by Adatia [52] indicated that the major 1limiting factor in the
realisation of polarization purity with double-offget antennas is the
diffraction effects introduced by the finite-sized subreflector. Diffraction
analysis shows that the magnitude of the diffraction-generated cross-polar
field component ig primarily a function of the transverse dimensions of the
subreflector in wavelengths, the eccentricity of the subreflector surface and
the primary-feed illumination taper. For good cross-polar suppression, sub~
reflectors with large transverse dimensions and high values of eccentricity

are favoured.

In Fig.2.47 the co-polar and cross-polar components of the fields scattered
from an offset subreflector with a diameter of 10 A are shown for the plane of
asymmetry. The associated differential phase characteristics are shown in
Fig.2.48. The deviation from the ideal in-phase characteristics is a con-
sequence of the non-optical scattering by the finite subreflector. This phase
deviation essentially limits the polarization purity of the overall antenna,
since the cancellation of the de-polarized field generated at the main re-
flector is impaired. This is apparent in Fig.2.47 which also shows the
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reaidual cross-polar field distributions in the main offset-reflector pro-
jected aperture. The multilobe structure of this disttibutiori is directly
attributable to the non-uniform phase distributions of the subreflector
fields. Figure 2.49 shows the predicted secondary field characteristics in
the principal planes for a double-offset antenna with the parameters given in
Table 2.4 and a subreflector diameter of 10 A. The cross-polar flelds are
well above the levels indicated by geometric optics and can be reduced to
below -40 @B only by use of a subreflector diameter of greater than 25 ).

Table 2.4

Parameters of a dual offset reflector antenna with
geometry optimised for optimum cross-polar cancellation

Main offset reflector Subreflector
8o = 53.3° ¥, = 16°
6% = 24.89 yr = o
d= 362 o = 4°

MagnificationM = 4.03

An alternative approach to the elimination of cross-~polarization from dual-
offset reflector systems has been followed by Albertsen [53,54]. 1In this
approach the two reflecting surfaces are shaped to provide the desired
aperture-field conditions in the main reflector. The mathematical approach
involves the solution of simultaneous partial differential equations with
certain specified initial conditions. The solutions provide the profiles of
the two reflector surfaces under constraints which provide for an in-phase
cross—-polar free-field distribution in the projected aperture of the main
reflector. One of the principal attractions of this general approach is that
the problem may be formulated for any prescribed position of the main and sub~
reflector surfaces. Hence, at least in principle, highly compact dual-offset
configurations can be realised, although subreflector diffraction effects
will still limit the cross-polar performance when small subreflectors are
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employed. An additional advantage is that, by appropriate choice of initial
conditions, the method can provide solutions for elliptically contoured beams
of any aspect ratio. Hence, state-of-the-art axisymmetric low cross-polar
primary-feeds, such as the cylindrical corrugated horn, could be employved to
efficiently illumiﬁate a dual-reflector system generating an elliptical main
beam with good polarization purity. However, the full implications of this
approach have yet tc be investigated and confirmed experimentally.

A further variation of the double-offset-reflector configuration was con-
sidered by Cha et al [55]. 1In this work the offset subreflector was designed
as a frequency selective filter. The double-offset antenna was thus fed from
both the prime focus of the main reflector and via the subreflector, which
comprised an array of conformal printed-circuit crossed dipoles. The
Cassegrainian geometry was utilised in the resonant band of the subreflector
surface. An overall efficiency of 50 per cent was estimated for the
Cassegrainian system, but the sidelobe performance was poor.

¢ dpplications

Dual-offset-reflector antennas can be designed to avoid (or minimise)
aperture~blockage effects and thereby offer a good range of compromise
between high efficiency and low sidelobes. The use of a subreflector provides
a mechanical advantage for some applications in that the antenna system can be
folded to locate the primary-feed either within or below the main reflector.
Electrically the dual-reflector system offers the designer some additional
degrees of freedom, which can be employed to compensate for the de-
polarization effects introduced by the asymmetric reflectors. However, in
this optimised configuration the dual-offset system is not especially
compact. In addition, the very low cross-polar performance (i.e. below
~-40 dB) which is predicted by geometric optics, can only be achieved if the
subreflector dimensions are greater than about 20 wavelengths. Hence, when
good polarization purity is desired, dual offset reflector systems are best
suited for applications where their dimensions can be made large with respect
to the operating frequency. Earth stations, radio telescopes, terrestrial
communications and ground radar systems are likely examples.
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The Bell System open Cassegrainian design has been implemented with a 6 m main
reflector and has been used in satellite communication experiments with the UK
Post Office and the University of Birmingham (UK). The design has operated
' successfully although it exhibite the predictably poor cross-polar
performance. Magne and Bui-Hai [56] have described a 4-band dual-polarized
double-offget antenna for terrestrial microwave links. Their design is
illustrated in Fig.2.50. Mizusawa et al [57] have described the geometric-
optics design and experimental modelling at 24 GHz of a dual-shaped reflector
configuration for a circular-polarized shaped-beam antenna. The design was
intended for a search radar and provided a very narrow beam in the azimuth
plane with a cosecant-squared beam in the elevation plane. This fully offset
antenna incorporated an axisymmetric primary-feed illumination which was con-
verted by the shaped subreflector to feed the main elliptically contoured,
shaped main reflector. The measured azimuthal~plane sidelobes of this
antenna were only ~18 d8 down and the axial ratio of the circular polarization
was also poor. Both performance parameters were attributed to a non-optimum

primary-feed horn design.

Semplak [58] has described measurements (at 100 GHz) on a multiple-beam
offset antenna which employs an interesting three-reflector configuration.
Although the author indicates that the design is suitable for both satellites
and earth stations, the structure has a projected-aperture diameter of more
than 200 wavelengths with an F/d ratio of 1.9. Without deployment this would
be difficult to accommodate on a satellite for frequencies lower than the
30 GHz possibility mentioned in the text. The three-reflector design
exhibits good wide-angle beam performance.

Much of the analysis of the dual-offset reflector antenna has been performed
in connection with either future earth-station antennas [13,50,51] or space-
craft applications [52~54]. The spacecraft application tends to be limited by
the volumetric constraints imposed by the launcher. Without deployment, the
cross—polar performance of the antenna tends to be limited by diffraction
effects arising from the relatively small subreflector. As an earth—station
antenna, however, the electrical performance of the optimised double offset
‘reflector antenna is very attractive. The increasing demands made upon the
radiation performance of earth-station antennas and particularly the sidelobe
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and cross-polar specifications, suggest that optimised double~offset
reflector antennas may well be necessary to satisfy the electrical require-
ments of the next generation of large earth stations.

The more general application of the dual offset reflector antenna may be
hampered by the ‘cmsiderable computational effort which is involved in per~
forming design and optimisation with physical-optics techniques. Approximate
techniques, based upon geometric optics and the GTD, are adequate for large
reflectors, but subreflector diffraction must be accurately modelled for
other cases. Analytical techniques of the type recently introduced by
Galindo-Israel and Mittra [59-61] or the GTD méthoda under development by
Pontoppidan [62] are likely to be useful here, while the exact analytical
solutions offered by the methods of Westcott and Brickhill [64] could result
in very significant advantages. As an interim step it is worth noting that
much of the dual-offsét;eflector optimisation can be performed by examining
the vector fields in the aperture plane of the main offset reflector and thus
minimising the need for the second (and costly) two-dimensional integration

over the reflector surface.
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3. Feeds for Earth-Station and Spacecraft Antennas

by P.J.B, Clarricoats

3.1. Introduction

The performance of a satellite system, be it for communication or broadcast,
depends critically on the performance of both spacecraft-and earth-station—
antennas. In turn, they depend critically on soundly-based feed design and
this chapter is concerned with some of their underlying principles. Two
texts [1][2] dealing with feeds are to appear shortly and reference to these

should be made by readers seeking more information.

Fig. 3.1 establishes the main types of reflector antenna and feed; it
originated in a 1974 review paper [3] and since that time one new category of

feed has risen in importance; namely the array-feed,

With spacecraft antennas in mind, we identify in Fig. 3.1 both pencil~beam
and shaped~beam patterns as relevant classes. shaped-beams feature in both
commﬁnication and broadcast applications and dual-polarisation is becoming
mandatory for both. Early spacecraft antennas used prime-focus symmetric
paraboloids but off-set reflectors offer significant performance advantages
and are now essential when large complex feed systems are used. Both single-
reflector and dual-reflector designs feature in current earth-station and
spacecraft systems, Corrugated feeds supporting hybrid-modes are used when

a single element suffices as in an earth-~station antenna, but, when a complex
pattern is required, leading to an array-feed, the pure-mode element has
proved the norm so far. However, when close element spacing and high feed-

gain is required surface-wave feeds offer potential and the disc~on-rod

radiator is one example.
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Satellite-communication systems operate with typically a 1:1.5 ratio
between up~link and down-link frequencies, thus establishing a minimum
bandwidth specification. Broadcast satellites have beacon frequencies
 separated by a somewhat wider ratio and considerable ingenuity has been
required to satisfy these demands. Slots with periodic changes in depth

provide one technique for increasing the bandwidth of corrugated horns.

This Chapter begins with an examination of the focal-region fields of
reflector antennas since this affords insight into the choice of an optimum
feed, From this study, the hybrid feed emerges as an optimum choice. When
the reflector is symmetric, a hybrid feed supporting the HE11 mode. provides
a good match to the focal field but in an off-set paraboloid we must turn to
multimode feeds for the optimum prime-focus solution. Multimode feeds also
feature in designs where tracking is needed in addition to a signal chanmel,
Following a study of focal-fields, the propagation and radiation properties
of corrugated feeds is next considered in both their single-mode and
multimode from. Pure-mode feeds are then discussed briefly as a prelude

to a discourse on array-feeds which use pure-mode elements. Finally, the

disc-on-rod surface-wave radiator is discussed.
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3.2 Fields in the Focal Rggion of a Reflector Antenna

3.2.1 Derivation of Focal Region Fields

Our aim is to determine the focal region field of a paraboloidal antenna
when a plane wave is incident along the reflector axis. The method is
readily extended to other surfaces with axial symmetry.

The incident plane wave is assumed to have its electric field polarised in

the x direction

The magnetic field

-jkrocose

H,i*"HOYE

The electric field in the focal region (see figure 3.2.1) is given by

-jkr

E- k- bb S s
S

\
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Since K = Zﬁ X Hi’ where‘ﬁ is the unit normdl at a point on the reflector

surface, the total phase ¢ is given by

¢ = - k(r+rocose)

where ' :
rer, - resinecos(¢=¢.) + higher order terms

We next evaluate the amplitude term using the physical optics approximation

X

2n x H,

where

I=»
"

- X sine cos¢ - y sine sing + z cose,

8, is the angle which the normal makes with the I axis

Thus,
K =21 x H

= 2H,{X cose, + z sine cos¢}
In the zeroth order approximation
r “.22

= X r,singcos¢ + y r sinesing - z r cose
(K.r) = 2H sin(e-0 )cos¢

K - (K.-D)F = 2H (X[cose -sinesin(e-o, )cos2¢] +
ij-sinesin(e-en)sin¢cos¢] +

gjsinencos¢+cosesin(e-en)cos¢]}

For a paraboloid 8, = 8/2. Then with simplification we obtain
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K - (K.r)r = 2H {k[cos3 -sinZe cose cos2¢]
- 5 sin?
¥ sin‘s cose sin2¢

+ 2 2sing,cos26 Cos¢}

In order to carry out the integration over the surface S we note that

;
r 2 - e b
o $n

ds = m ded¢

For a paraboloid since 8, = 8/2
= 264
ds 2ro sine,

The ¢ integration can be made using

2r .
I sin JMCOS(¢‘¢f)d

Ccos

_ m sin

¢ = 2nj Jm(u)cos}m¢f
0

The total expression for the E field is

Jun, o {7 3¢ -gin2 2¢]-ysin2 in2
E=——= H0 J f {x[cos 8,-sine cose cos ¢]1-ysin 8,,c0s6,51n2¢
o 0

. =jo,-Jkresinecos (-4 )
+Z Zsinencoszencos¢}e 2rosinand¢de

9 .
o -3¢, .
= 2o 3 2
= ZamuoHo J rosinen € {x[cos endo(u1)+sin encosendz(u1)c052¢f]
o

+y sinzencosendz(ui)sin2¢f

+
N

7 23 2
Z 2jsine cos enJ](u1)cos¢f}de

where
Uy = krfsine
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Finally we have
E = JuuH (X(1;+1,0820¢) + ¥ Ipsin2e + 2 jI5c084 ¢}

H= jwquOHO{E_Izsin2¢f + }(I]-Izc052¢f) +32 JIysing s}

..jq,

0
rosinencos3endo(u1)e de

o

I]’z

-jo

. 0
ros1n3encosendz(u1)e de

2 -jQO
rosin 8,,C0S enJ](u1)e de

>
w .
L §
.
[+

o
~N
[}
~N
O Sy, O 0‘——'—3@ [ e <+

For a paraboloid
£ 8
o ° cos%a_ and o, =3
Then

-j¢0
sinedo(ul)e de

o

—t
-
[]
-4

. 8 -Je,
s1netan2? Jz(u1)e de

. .8 -3e,
s1nlz Jy(ug)e ds

o

4f

I3

—
~N
1]
-ty
£ Sy, (D 0‘*-‘—-'-50 C My, €D

If we refer the phase to a fixed reference distance z from the focal point,
the phase factor becomes e‘Jk¥2f+Z) and in the focal plane where z = 0 the
phase factor is a constant E*JZkf.

The above expressions then compare directly with those presented by Minnett

and Thomas [4] noting that their z direction is opposite to that above and
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because of the rotation of axes, their electric field is y polarised.

To interpret the figures taken from the paper by Minnett and Thomas we note
that
e0
A(U) = 4 cosec? =

%
B(U) = 4 cosec? = I

D

o

C(U) = } cosec? 7 15

]

U

i

krfsineo
p = rf
E=¢

The functions A{U) and B(U) are plotted below for antennas with different
values of 6, . For guidance, the Max Planck radio telescope has F/D = 0.3
8, ~ 80°, while the Australian Parkes radio telescope has F/D = 0.4,

8y = 63°. Typical front-fed microwave communication antennas have F/D
between 0.25, 6o = 90° (focal plane reflector) amd F/D = 0.4.
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where Z=0 they are real and if, 8, is small corresponding to an antenna
is nearly linearly polarised and the distribution matches quite well the

where J](U) = 0 and the polarisation is transverse and parallel to the
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Fig. 3,2,3

Pield distribution in focal
plane of paraboloid with
8, = 63°

(b) Contours of amplitude E(U)

2w -efu) a8

Fig. 3.2.4 Fig. 3.2.6
Intensity functions in focal plane of Direction of energy flow across the
paraboloid; (a) 8, = 5¢; (b) 8, =30°; focal plane near first dark ring
Ye) 8 =63°; (d) s = 90° éU = 3555) of parabolotid with
o * o * =
’ [+]

=
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Figures 3.2.3 - 3.2.5, taken from the paper by Mimnett and Thomas, show the
field distribution in the focal region of a paraboloid with 8, = 63°,
corresponding to the Parkes radio telescope, the intensity functions in the
focal plane and the energy flow diagram for the case 8, = 63°. The role of
the function B(U)is apparent. For other than very small values of 9, there
is a significant cross~polar contribution to the focal field which is
manifested in the 45° plane. However, it occurs at a radius where the ¢ in-
dependent part of transverse H and E fields experience a null

and the Poynting vector is reversed. This is important for it implies that
there is no coupling of the cross-polar field to a waveguide supporting a

balanced hybrid mode.

The average rate of energy flow in a given direction S is determined by the
real part of the component of the complex Poynting vector in that direction.

The power flowing in the z direction is given by

A )
S, =- %; (kfE)2sin® 22-{1A12 - |B[2}

If we integrate Sz over an aperture in the focal plane we obtain the total

energy P passing through a cylindrical region as shown in figure 3.2.6.

1 lgyez0 I *—€
/::f%fffjfff;?égiz::: §
’f'-/- 4-==__/__::j

T % Fig. 3.2.6

i | _
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oS and optimum aperture-type
} feed of radius a

9




- 3.12 -

The power incident on the aperture of the paraboloid is

8
= 0252
Po 2n(f tan ?—) 2;

Thus, the quantity ;—‘represents the fraction of the total power which
passes through a region of radius a,

P P A2 2
n = ﬁ; =} J {A%(U) - B2(U)}UdU
Q

Ua = kasineo

For emall 8, Use kaeo, then

n= 1 = Joz(ua) = J12(Ua)

a formula derived originally by Lord Rayleigh.

3.2.3 Optimum Feeds for Paraboloidal Reflectors

Figure 3.2,6 above, shows n as a functiog of Ua . The oscillatory form
mainly arises from the function B(U). For this reason the value of n
decreases with increasing 8, at a given radius, Minnett and Thomas assume
that n represents the maximum efficiency obtainable with an optimum feed.
Clearly, it does not represent the power transferred to a mode in a wave-
guide and we can ask the question: Is there a form of waveguide which would
respond only to the (A) type linearly polarised field? The answer appears
to be yes, a balanced hybrid mode as obtained in an 'ideal' corrugated
waveguide., Under this condition the electric and magnetic fields are in the
ratio 20 . The term ideal is introduced, recognising that the inevitable
presence of a flange will prevent the optimum balanced hybrid condition from
being achieved in practice. Actually the field in the ideal waveguide
aperture has a dependence of the form Jo(kr) while that of the (A) type
field is of the form fléfl . Nevertheless, if K = ksineo the two functions
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are quite closely matched over the central region of the focal field.

We shall next demonstrate that an ideal feed couples only to an (A) type
field.

- To calculate the power coupled into the waveguide, we use a theorem based
on reciprocity. If n is now the efficiency of power coupling

ne [ x By ey x Ep)gs)?
s

where the fields in the focal region E] and H1 arise from unit incident
power in the plane wave at the reflector aperture while those in the feed
aperture EZ’ Hz arise from unit power in the feed. Now, as previously
noted, we can resolve the focal region transverse fields into two types

(A) Ey=Xx1, Hy =¥y

————

-

(B) Ep X 1,052 + § I,5in2 Hy = - ¥ 1,60520 + X I,sin2p

Furthermore, we assume that

E, =X F(rg) My == §F(re) Y,

corresponding to a balanced hybrid mode travelling in the negative z
direction. We can substitute for the fields in the equation for n. Thus,

2r a 4
n=|{} I J {E1xH2y - H2xE1y + H]szy - E2xH1y)rdrd°}'2
0 0
‘2w a ’
= J j {~~(I,1 + Izc052¢)YoF(r,¢) - YO(I] - 1,c0s2¢)F(r,¢)}rdrde
o o

T
0

a .
J 2Y, I, (p)F(r,¢)rdrds
o]
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WWe observe that the contribution from the (B) type field disappears.

From the above, the efficiency factor for an optimum feed is given by
U
a
n =3 j A2(U)Udy
0

corresponding to a feed which provides a conjugate match to an (A) type
focal field. This observation was first made by Poulton who also
recognised that n as given by the above expression exceeds unity if the
radius a is very large. One may conclude that in a practical situation it
is impossible to realise a feed which will provide a match to the (A) field

over an aperture large enough to create an n value exceeding unity.

3.2.4 Non—uniform Aperture Distribution

The focal field distribution derived in section 3.2.1 corresponds to a
reflector aperture which is illuminated by a plane wave. Conversely it
provides the focal-field distribution necessary to create a uniform

distribution over the reflector aperture.

If the aperture distribution is weighted by a function §(3) where

0
a(s) = 9(3-)
) o]
the corresponding focal field is obtained om multiplying the integrands of
I1 2.3 by g(s). For a long focal-length antenna (as might be realised in
s ’
practice with a Cassegrain configuration) the focal-plane distribution

then becomes

1

2 o
E, T 2n 9(s)d,(2nas)s ds

0

0
"
>|-s
<>
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The integration can be completed in closed form when §(s)=1 and for specific

functional forms of g(S). When g(s)=1

J} (krﬁ )

£, = 26, (Gzx)? Ty

as demonstrated by Minnett and Thomas [4]. However, since g(s)=0 for
s>1 we can extend the integration range so that

£, ()] = By 21 [ a(s)d, (2ras)sds
. Y

The equation reminds us that the aperture and focal plane distributions are
related by Hankel-transform pazrs. The above equatiom can be integrated in

closed form when g(s) = ¢ ~p2s? . Then,

}EX(Q)I - Eofg;;)*%r "T262/p?

Thus for the special case of a gaussian aperture distribution, the focal
region field has a gaussian form. 1In section 3 we find that the field in
the aperture of an ideal hybrid mode waveguide under balanced hybrid
conditions has a Jo(kra) form which for values of kre < 1, closely
approximate a gaussian function.

3.2.5 Focal Fields of a Spherical Reflector Antenna

Thomas, Minnett and Vu [5] have extended the theory developed in‘séction 3.2.1
to the case of the spherical reflector of radius of curvature R (shown as

R0 in certain figures). Such reflector shapes permit beam scanning by feed
movement. The functions A(U) etc. of 3.2.1 then become

8
A(U) = & cosecze IO«K(S)(IiF)Jo(u)e-jéde
B(U) 0 2

, 6
: 0
C(U) = jcosec?e_ f 18 (q) Jy(u)e 3¢de
0
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where

U = kr§1ne

k(8) = E%QQ [1 - (g)cose]

cos0-2Z/R
4

T =
¢ = 11 - &2 cose + (,z;)z]é

The phase ¢ is taken relative to the phase of the incident wave at the

plane 7z = 0, (Note that the above authors have the Z axis pointing towards
the reflector).

¢ = KR(cosé+g)

The focal field ‘equations are normalised so that A(U) = 1 at the paraxial

focus F, see figure 3.2.6.

.

24

Fig, 3.2.¢6

8 Geometrical reflection by a
spherical reflector

Ro & pradius of curvature
F = paraxial focus = OF = FV
= R°/2

cmmvof/ﬂ s 7 a8
curvature )(’/ J/
o spherical
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Fig., 3.2.7
Normalised field along axis of a spherical reflector, R/x = 400
for various values of 8,. Computation interval 0.002 in Z/R
P.F. = paraxial foecus; M.F. - marginal foous.
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= . T R e e S
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Fig. 3.2.8

Direction of energy flow in focal region of a spherical reflector,
% =20 degrees, R/) = 400

[T %
., . ,o’“;_%'n—"m.’”
v Lo
Fig. 3.2.9
L
. Efficiency n of a spherical
N reflector, ao = 20 degrees
, R/x = 400, with z/R as
parameter.
TS
% T b 28 F ] -y »
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Figure 3,2,7 Jue to Thomas, Minnett and Vu, shows normalised longitudinal
field along the axis of a spherical reflector with~§ = 400 and various
values of 60. Only for eo small (when the spherical surface approximates
a paraboloid) is the distribution appreciably confined. This situation
might be anticipated by examination of the geometric optics rays. The
above mentioned authors have also calculated the direction of energy flow
in the focal region, Fig. 3.2.8 and the efficiency factor n, Fig. 3.2.9,

discussed in section 3.2.1.

Figure 3.2.8 shows that several regions of circulation of energy exist is
with the paraboloid, although there they are centred in the focal plane
near the dark rings of the Airy pattern. The axial power flow is greatest
near é.: 0.515 (for 8, = 20°) as revealed by the calculation of n which
shows that 90% of the energy passes through an aperture with ka = 18,
Little advantage is obtained by making ka larger.

Thomas et al [5] compare these results with the geometric optics 'circle of
least confusion' (the smallest circle of radius Te through which all the

rays pass)
kr_ = 0.77 X tan3
o TTX o

For 8 = 20°, kr_ = 0.037 R/A. It occurs when /R = 0.56. 1f R/A = 400
krc = 15, then reference to figure 3.2.8 shows that 707 of energy flows
through a circle of this diameter in this longitudinal position which is
less than the maximum. Geometric optics thus serves only as a guide to

transverse feed design.

The investigation by the above authors was aimed at the production of a
multimode hybrid waveguide feed for a spherical reflector radio telescope.
The diameter of the waveguide was chosen to correspond to a null of the
focal region field and the transverse distribution was synthesised using a
number of modes, The amplitudes of these modes were determined using a
mode matching procedure on a computer graphics terminal. For three modes
and with 2/R = 0.5208 and ka = 17.2 (a/A» = 2.74) they obtained n = 0.86.
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As far as is known, a transverse feed for a spherical reflector antenna has
yet to be installed. The Arecibo spherical reflector utilises a line feed
which was designed by A.W. Love so as to receive rays converging on the
axis at the appropriate angle which, as Fig. 3.2.6 shows, depends upon 2Z/R.
The feed could be scanned by rotation about the centre of curvature as
shown in Fig. 3.2.10. An aperture efficiency exceeding 80% was achieved

with this design.

o
/ 6, scan angle

S 1t

43

Fig. 3.2.10

Spherical reflector with line
feed.

A B
. K
= J 4 spherical

- = retlector
L 7 5‘ Fig. 8.2.11

Spherical reflector with
\
Pcnustlc J
{or focaicur

Gregorian reflector
An alternative design shown in Fig. 3.2.11 was investigated by Phillips

and Clarricoats [6] and later designed and tested by Masterman. A gregorian

v - . e . Coe

subreflector causes rays to be brought to a point focus on the reflector
axis, Table 3.2.t1 gives the oaramaters for maximum efficiency. Masterman's

experiments generally confirm the accuracy of the predictions although

Por RTS TP 3 o e i i S s e R
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recognisable discrepancies éaused a measured gain loss of approximately 1dB.
The principal disadvantage of the spherical reflector with gregorian
corrector is the large diameter of the latter, giving rise to significant
aperture blockage and high side-lobes. A reduction in the size of the
gregorian corrector can be achieved if the main reflector shape is made
intermediate between that of a sphere and paraboloid. A reduction in scan
angle must be accepted.

Table 3.2.1

Parameters for maximum overall effictency of a sghemcal reflector with a
Gregorian subreflector for a scan angle 8¢ =

Feed | Feed 2 Feed 3

2¢ad beamwidth of fecd patiern, dcg . 60 86 i
Subreflector-vertex posmon .. o 0-475 Ry 0-470Rs | 0-465 Ry
Focus pusition . . e e e e 0-88 Ry 0:85R, 0-78Ry
Gain {actot Fmex - . 0-84 0-83 0-84
Opumum anguiar apcnure 80,, dcg 37:0 40-0 41-5
RID = 12sinUp . ) 0-83 0-78 0-75
Aperture cfficiency n.p - . . . 0-75 077 078
O\cmll clliciency = Fmox L 0-63 0-64 0-65

2 beamwidth of far- fn.ld p:mcm (D/A - 100}, deg 0-55 0-55 0-35
¥ mt side-lobe level (DfA = 100), dB . . . . -11-8 ~11-5 -11-3 ;

Table 2.2.2
Principal feed parameters

{ Cylindrical corrugated waveguide propagating
: » baianced REy; hybrid modet

Feed 20 JB bearawidch
| alb ka A4
t | oss0 | 92es3 | s-9310 60°
2 | 0-8000 6-6356 6-1953 86°
3 ! Scalar horn with 1207 flare angle pro- 111°

pagating a balance HE;; spherical
l t‘ybn?i mode. Approximate patiern
actor2s
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3.2.6 Focal Fields of an Off-set Paraboloid

Similiar techniques to those degcribed in section 3.2.1 can be used to
derive the fields in the focal-region of an off-set paraboloid. If
the reflector has a feed off-set angle ¥ and a long focal-length to
diameter ratio £/D, then Bem [7] has shown that for polarisation

in the plane of symmetry and to within a constant factor,

- gin¥

-2, 5D

cas¢f

. 2J2(U)
U

Ly J2(U) .
iny -—E——m s1n¢f

To obtain the electric fields for the orthogonal polarisation ¢£ is

replaced by Zv—¢f.

The equations show that the cross~polar field is an asymmetric function
of ¢f, in contrast with the symmetric paraboloidal case, it is also

in quadrature with the principal co-polar component of field. For
typical reflector parameters the cross-polar component of the focal-
field is much stronger than in the symmetric case and the corresponding
radiation pattern of an off-set paraboloid antenna, fed with a simple
feed, exhibits strong cross-polarisation in the principal-plane

which contains the off-set asymmetry.

The effect may be compensated by a multimode feed, as proposed by
Rudge and Adatia [8] and discussed in section 3.3, or by the use of an

appropriately positioned subreflector.



- 3.22 -

3.3 Propagation and Radiation Characteristics of Corrugated Waveguides

3.3.1 Derivation of Characteristic Equation

Fig. 3.3.1

Consider the corrugated waveguide shown in the figure 3.3.1. In the region
r‘r] * \ ‘

H H
e e 0

tE z
N=+4w -J8y
E, = 5.6 Agdn(Kyr) cosmé
27N
BN = Bo * T

-

If higher space harmonics are neglected

E (Kr)a'jﬁzcosm¢

Z amndm

(Kr)e 9825 inme

x
1]

z = Panm
For convenience in analysis we drop the z dependence and write

Ez = ame(x)e'm¢ where X = Kr

s -a iy T Jm¢
Hz amJyoAJm(x)e

A is the hybrid factor and yo = (eo/uo)i
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= X' = jme T
Ey = 8y Ef'dm(x){mg + EFm(x}}e x' = kr

)
*‘.. . xl - Jm¢ . XJ'(X)
HQwaw%;g%uMmK+%UHe Fry (%) :x

For r, >r>rl we have TE and TM standing waves in the slots. The lowest order

wave is the Tmmt mode and if only this mode is included
a | jmb
_ m [ Y - Yifyt i Ji (-
EZ = W {Jm(x )Ym(xo) Ym(x )Jm(xo)}a Xo kro
a Jjy :
- m 0 t 1 - 3 Jm
H¢ = W {Jm(xe )Ym(xo) Ym(x )Jm(xo)}ﬁ

As the lowest order TE mode is assumed to be unsupported in the slot

E¢ =0atr=r Thus mB = - A Fm(x1)
. \ _ H¢
. The characteristic equation for B is obtained by matching Ef'at r=r.
z

ma)z _ (*1% < ..
Fm(x1) - F’m(x1|) = (""’x“] Sm(X1 :Xo)
where

3o (9)-Y2 ()3 (3)

Sy(%s¥) = x VREINM IR S EINIMED)

The condition Sm(x%,xs)‘ﬁ 0 yields

i

(K)2 =1 where & = +1 corresponds to the HE, mode and

R = -1 to the EH, mode

im

H

NE
= {_9] and the

, E
a condition known as ''balanced hybrid" since IHE
hybrid mode are

appropriate longitudinal components of the z

then in the ratio of the free space wave impedance.
For large values of r,

Sm(xi,xé) > - xicot[k(ro-r1)}
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‘ s A ,
and the condition for balanced hybrid is (Po‘ri) =M. Fig. 3.3.2 shows
Br1 as a function of normalised waveguide radius. ,Figures 3.3.3~4 show

cut-off conditions.

8
Ary}
(-]
Pig., 3.3.2
ot Propagation characterisiics of
corrugated circular wavegyide
ry = 25mm, d = 10m, b = 2mn
2l ?‘1/"0 = (0.8
T L e
EHy  HEn HoiEHuEHgHER EHn
HEy»  EHn
8
Qe
7
¢ o ==
5 N g
af
3
2\.
V4
B , 2 4 6 1% ¥ 4
% 52 o4 LT 58 ;r 70
170
Pig. 3.3.3 Fig. 3.3.4
Low=frequency cut-off mode chart ' Bigh-frequency cut-off mode

ohart
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3.3.2 Fields Under Balanced Hybrid Conditions

As we shall see, for the simple feed model, the condition A = %] is of
significance when we consider radiation characteristics.

For A = #]
= -f(x){3 oxt Ip(x)
E. = -F(x){8F_(x):m}cosm ) f(x) = Jam_g__ mx
He . )
;; = +f(x){BFm(x)im}sinm¢
E¢ = f{x) {métFm(x)}sinm¢ .
H¢ - .
Y, = () {mg:F_(x)}cosmy

If Er = e.CosMmp, Hr = hrsinm¢ etc.

Yokt = 2y

Rumsey [9] was first to show this to be a necessary condition if the

radiation pattern arising from the field is to be everywhere linearly

polarised (assuming a linearly polarised input).

Figure 3.3.5 shows transverse field patterns under balanced hybrid
conditions., The resemblence of the patterns of the HE11 and HE12 modes

to the focal fields shown in Fig. 3.2.3 is evident.

If kr1>>1 8 + 1 under balanced hybrid conditions at least for the HE11

mode. Also, as

> B o e
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o 02 04 08 08 10

F‘ig. S' 3. 5
Transverse field patterns féz' corrugated waveguides in region ' < r
(a) Transverse electric-field pattern of HE’I 7 mode under balanced hybrid
conditions for r‘]/ro = 0.9
(b) Transverse alectric- and magnetic-field pattern of EH,, mode under
balanced hybrid conditions for ry/r, = 0.9

(¢) Transverse electric-field pattern of HE,, mode under balanced hybrid
conditiong for rl/ro = 0.9

(d) Cross-polarised component of HE,, mode as a funetion of r/ry in
corrugated circular waveguide for r]/ro = 0.9 and plane ¢ = 45%,
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- - [
Er =+ f(x) x ~3;T;T- =+ ja, é_ Jm;](x) cosm¢
and

E¢ = + f(x) x W * jam X Jm+.l(X) sinmé

For the nxll mode m = ]

m
u

..k
Ja] X JO(Kr)cos¢

Jo(Kr)sin¢

m
"
b 2l

i,
Thus

‘sin¢

[ad]
i

Ercos¢ - E

..k
- Ja] -K' JO(KP)

and

m
]

Ersin¢ + E. cos¢ ,

¢
0

The field in ¥ < Iy is thus linearly polarised. The extent to which this
condition is actually achieved is shown in the previous figure. However,
it is important to recognise that the present analysis has neglected the
contribution from space-harmonics also, we shall see later that the flange
of the waveguide is significant when a corrugated waveguide radiates.

3.3.3 General Expressions for the Field Components in a Hybrid Mode
Waveguide

The following equations refer to a condition where A is not unity
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EZ = aldl(x)cos¢

H, = alﬁd1(x)sin¢

E, = - Ja, ﬁl {Edi(x) + A Jl(X) }cos¢”
E, = Ja %l {8 J]iX) + A J;(x)}sing
;§ = - Ja, ;l {8 K J3(x) + J;(X)}sin¢
;§ z - ja]'fl {8 A féifl + J; (x)}cos¢

If we use the Beésel funetion recurrence relation

J
B2 I0,) e = (M)

1]

the above equations may be re-~written abbreviating Jo(x) to J o etCes

Ja

E.=- ‘El él'{(§+i)do + (A-8)J,)cos4
ja.{ X' == o

E¢ = T X {(B*H\)qo - (A-B)JZ}S'“N
Ja, o _—

Ex == {(8+A)J° + (A-B)Jz‘cosz¢}

E, = - 22 (R-B)9, sin2g
2

Let us now resolve the propagation vector _& along the z and r directions.

kcose = 8
ksine = K
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On recalling that g = %

E. .= = ja] cosececos2d {J +tan28 J } ’
r 7z 7% 7 YplCoSe

ja
E o= ‘El cosececoslaz {Jo-tanﬁg Jz}sim

and

E - ia o 8 26
Ex ja, .osececoszz {Jo+tan vd Jz cos2¢}

Ey = - ja]2cosecec052% ‘12 syin2¢

If we introduce the normalisation ZkasinZ% = 3y
E, = -jkfsime@ +tan23 J,cos2¢)
Ey = -jkfsine{Jz sin2¢}
E, = 4kaosin2-% J; cose

The total field is now

E = -3kZH {(1,+T,cos2¢) x + T,sin2¢ § + 2§ Ijcos4)

On comparing this expression with that given for the focal field in section
2 and noticing that Uy = X, we see that f]. fz and f3 are the kernels of
the integrals 11, I2 and 13. The field in the focal region is now

recognised as an angular spectrum of hybrid waves.

3.3.4 Power Flow and Attenuation in a Hybrid Mode Waveguide

To obtain the Poynting vector we require the magnetic field components Hx

and Hy which are readily obtained from
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H ja i | .
re¢ _ - 1x" (== FRURTL AL =1 iy
-~ =" 7 x 8 A, Jy) + (JO-JZ)}CO” = C{JO(HBA)iJZ(l BA)

sing
€0S¢

where the + sign and Sin designation refers to H.. Then

HXC g .
yg = C J,(1-BA)sin2¢

H
75' = C{Jy(148A) - J,(1-8K)cos2s}

Sz = Exﬂy - HxEy
alz k2 - . - - - -
= =1 Yo gz (B (1442 ){J,2 40,2 }+ A(1482){J,2-J,2}~ 28(1-A%)J 0 c0520]

The above expression shows that whem A = £ 1 the energy flow distribution
is circularly symmetric.

The total power flow is obtained by integration over the waveguide cross-

section r < ry to give in general

(X'zr'lz)'n' - -
Pre a2 g Yo SRl BOANG Ftl) + Flx)
+ 3(xy2-m2)} + m A(1+82)]

when M = 1, the quantity in square brackets simplifies to

2

o
BORE)A(FH)E + (- 1)) + R(1+52)

Under balanced hybrid conditions F =F B when A = # 1
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Furthermore if 5 + 1 under this condition then for the HE11 mode

xi2r12
- 2 ————————— . ¥
PT : a] T Xf yOJ1a (X‘[ )

The above result is for a circularly polarised wave; for a linearly
polarised wave the value is halved. ‘

If space-harmonics and higher-order slot modes are neglected, a simple
expression for the attenuation coefficient o in a corrugated waveguide can
be obtained following fairly considerable algebraic manipulations.

PL
o =
EFTE
where b is the width between corrugations which are assumed to have
negligible thickness.PT has been given above and

P, =P +P
L L1 LZ
where '
2r 2
P =a? R.Y.2J 2(x,)[3(m2=xs2) +
- Sm(xi,xé) -3 sz(xi,xé)] . + « (side walls)
2
o -4 4R§b g2 Jm (x])
2 ™ T, O qs(xd g )2 . . . (base)

The superfix D denotes the denominator of the S fumction (defined in sectiom
3.3.1). Attenuation characteristics corresponding to the dispersiomn
curves of Fig. 3.3.2, are shown in Fig. 3 .3.6.
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1
Eoz
Eot
¢ 01 -
<]
g‘ Hig
] Fig. 3.3.6
§ €21 Attenuation characteristics
0-01f corresponding to Fig. 2.3.2.
S ~Hgr Conductivity of metal
) En < ¢ =5.8x107 S/m
b
0.0011 i é i é i ; 1 9

wiry/c

The results displayed there have been obtained by Clarricoats, Olver and
thong [10] using a:complete space~harmonic and slot mode formulation, although
in their general form they are similar to those obtained from the above
expressions. In that simple case there is an obvious simplification under
balanced hybrid conditions since Sm(xi,Xé) is then zero corresponding to
the condition He =0atr = ry. One might anticipate that under this
condition the attenuation in a corrugated waveguide would be a minimum,
actually the minimum is shifted to higher frequencies when space-harmonics
and higher-order slot modes are included but the broad principle remains
approximately correct.

One notices that th? HE,, mode attenuation is lower than that of the Hy,
mode. The reason follows in part from the uniform power distribution about
the axis for the former mode as compared to the ring like distribution for
the latter. For a given power flowing in the waveguide, the field

intensity near the walls is lower for the HE,. mode compared to that for

11
the HOI mode. Also, only in the hybrid mode waveguide is it possible to
achieve the condition that all magnetic field components tamgential to
metal surfaces, have a direct dependence on the strength of the

longitudinal magnetic field. It will be recalled that therein lies the
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explanation for low attenuation in the HOt mode in a conventional smooth
wall waveguide since for a given power flow, the Hz components decrease

indefinitely with frequency.

3.3.5 Radiation from Corrugated Waveguides

Two methods have been used to determine the radiation pattern of a
corrugated waveguide: (a) Kirchhoff-Huygen (applied by L J Chu to small
horns and usually described by his name), (b) Fourier Transform. Method (a)
requires E and H to be specified over the aperture and zero elsewhere in

the aperture plane, method (b) specifies E over the aperture and requires
only that E should vanish elsewhere in the aperture plane. For large
apertures the methods agree but for small apertures where the effect of the
waveguide flange is more pronounced method (b) has been found to give results
in better agreement with experiment. We shall now develop expressions for

the radiation componenﬁs of field using method (b).

The cartesian components of the electric field radiated from the aperture

of the corrugated waveguide are given by

fZ‘JT l"1 . .
Exp = A Ex sJkPS1n6$gié§-$) since Ex = 0 r>r1
y J y ‘ y
0 ‘0
. ~jkR
A =‘%§§ coso

On substituting for the cartesian components of electric field in the

aperture, the integral may be evaluated

EXp = AB{(B+R) No + (K—B)N2c052¢}
Eyp = AB{(K-B)stin2¢}
B = -ja-% i1
V P2 u = Kr1
N = ;ggay {vdk(u)di(v) - qu(v)J1(u)} vV = kr1sine
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To obtain the copolar and crosspolar radiated fields we use

"
H

co Exp(COSZ’?' 5*"‘% cos2¢) - EypSin‘g sin2¢

ECp -Expsin&g sin2¢ + Eyp(cosag + sin&g cos2¢)

i

On substituting for E
Xp

Eeo = AB{(§+E)NO + (K-B)N20032¢}

if terms in sinlg are neglected, an assumption valid near to boresight,

Similarly

Eep = AB(K—B)stin2¢

P

The above equation for Ecp~must be used with caution because the maximum of
the crosspolar pattern occurs generally at values of & such that meglect of
terms in sinzg-is invalid. However, in the 45° planes we obtain generally
that

E_ = AB{(B+IN_ sinz + (A-BIN,cos2d}

cp o 2 2-73 7
From this equation we can see that the condition A = B is no longer the one
for a crosspolar null, in fact the frequency is shifted to a higher walue

than the balanced hybrid value & = 1,
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3.3.6 A Corrugated Waveguide Feed for a Paraboloidal Reflector Antenna

o——po—

Fig. 3.3.8

Fig. 3.3.8 shows the coordinate system appropriate to a parabolic reflector
antenna with a feed at the focus which is also the origin., The expression

for the far-field may be obtained from the current distribution over the
reflector surface in 2 manner similar to the focal field calculation of

section 3.2.1, Thus

0

[g(Fesin2¢-F¢ccsa¢) +y 3(Eg+Ey)sin2o
o o

o~ Jkf seczg{1+cosgcose-sinesingcos(¢-<b)}

-z Fesin¢tang] tang o
6d¢

where the feed is polarised with electric field in the x direction so

that the incident field at the reflector surface is

el

Ey = 35 Eycoso - ?@sin¢i¢



- 3.37 -

On application of the Fourier-Bessel identity the equation for Ep becomes

8
o . -

Ep(Ru.0) = - J.i‘gi[ (IX(Eg€, Mo (Uy) + (Eg#E, 1, (U; Jcos2e]
0

" = = -Ju
+y (E5+E¢)Jz(u-‘)sin2¢ z jeE J](U.')tan-z- sindle ztanz de

where

Uy = 2kf tang sing
Uy = kf secZ% (1+cosgcose)

In the above, E and E¢ are the ¢ dependent pattern functions of the feed.
Reference to seccxou 3.3.5 shows for a corrugated waveguide, that when A-],
£, = -E... Under this condition the co~polar secondary pattern is symmetric

0 $
and the cross-polar pattern vanishes for all observation angles &.

3.3.7 Gain Factor of Corrugated Waveguide Feed

Under balanced hybrid conditions when the radiation pattern is symmetric,
the feed gain factor is given by

G(e') = -~ 2|F(e')]?

[ IF( 6 )|2sinede
0

Table 3.3.1 shows the axial gain as a function of kry with rljrc selected to
maintain balanced hybrid conditions, The horm gain factor lies between 657
and 70Z over the range. This figure is less than that obtained for a
paraboloid antenna when the waveguide is used as a prime feed. The
explanation is that the focal-plane field of the paraboloid is more closely
matched than a uniform field to the J (X) distribution of the ~corrugated
waveguide. o
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rlra g kry i Gain
&
0:70 4-0300 10-74
0-75 5-0728 12-68
0-80 66356 14-94
ch | rE |y
083 8-0167 1658 Table 3.3.1
0-84 85925 17-15 i ] )
81%2 i gj'g”gfg ;'8’:3 Gain of corrugated cireular waveguide
0-87 1 108530 19-15 with balanced HE,, mode at the aperture
088 ¢ 11-8380 19-90
0-89 13-0470 20-75
0-90 14-4730 21-64
091 16-2160 2265

3.3.8 Gain Factor of Paraboloid Reflector with Corrugated Waveguide Feed

When a corrugated waveguide is employed as a prime feed for a paraboloid
reflector, the axial gain factor under balanced hybrid conditions is

¥ 2
2cot2y/2 Jr(e)tang de
- o _
Gf - T
f{F(e)|Zsinede
0

where Y = semiangular aperture of paraboloid and cot v/2 = 4f/D. 1In

Fig. 3.3.9, we show Gf>as a function of ¥ for different kl".l and r1/r0
chosen from Table 3.3.].We note that the maximum value of Gf increases
slightly with decreasing ¥, and we recall that the optimum angular aperture
represents a compromise between spillover of the feed energy and aperture
efficiency. At small angular aperture, it is possible to illuminate the
aperture more uniformly, but, to avoid a long-focal-length system, a
Cassegrain configuration must be used. However, diffraction by the sub~
reflector and blockage will then deteriorate the gain, and a significant
advantage is apparent only with shaped-reflector systems. The maximum gain
factor for the paraboloid with a corrugated waveguide feed is about 847 and
similar figures are alsc obtained with a wide-angle conical corrugated feed

bérn., An identical figure has been obtained by Phillips and Clarricecats [6] for
spherical reflectors. The limitation is readily understood in terms of the
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focal-plane field distribution. Unless we employ higher-order hybrid’
modes to synthesise the second lobe in additon to the main lobe, the
best compromise is obtained when the feed-horn diameter just encloses the
central region of illumination. For the front~fed paraboloid or

conventional Cassegrain antenna, the efficiency is then given by
- - 2 !
n=1-J(x)

and, with x; = 3,383, n = 84%. By using a shaped subreflector, the

energy contained in the central region is appreciably increased.

We conclude this section by noting that the problem of optimising the gain
factor of an antenna using a corrugated waveguide feed is very similar to
that of optimising the efficiency of excitation of the HE,, mode on a cored-
fibre optical waveguide by means of a focusing lens. The problem was first
congidered by Snyder, who obtained the same maximum excitation efficiency
as above when the illumination was from a focused plane wave.

o-8s
[ asoez 080

TS

i e
TS

gain tactor G¢

028 I / L i i i 1 1

o 10 20 30 40 50 80 70 80 90
¥,deg :

Pig. 3.3.9

Gain factor as function of semiangular aperture for parabolic reflector fed
with corrugated cireular waveguide feed ! 7 !

Parameter r]/r0
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3.4 Propagation and Radiation Characteristics of Corrugated Conical Horns

3.4.1 Determination of Horn—-aperture Fields

Figure 3.4.1(a) shows a section through a conical horn excited by a
circular waveguide. We shall assume that the field in the interior of the
horn may be described in terms of a single spherical hybrid mode, also that
the impedance looking into the slots is independent of R in the vicinity of
the horn aperture. In order to predict the radiation pattern the aperture
fields must first be determined in a manner analogous to the corrugated
waveguide of section 3.3.1. Consider the electric and magnetic scalar
potentials

R
7 ¢\
L-.‘-.-‘:‘ 7. ._l':cll; +«d
bt
Fig. 3.4.1
Corrugated coniecal horm
¢ : . (a) Section through
corrugated conical horn
z P(R,0’$) (b) Co-ordinate system for

eonical~horn analysis
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Ag = AHZ) (kR)PM(coss)e?™
F = BH(Z) (kR)P"(cosp)e?™

The coefficients A and B depend on the excitation of the mode and are
related through the equation

%a ~ing A
vhere n, = (u /e )é and the coefficient A degends on the boundary
condltzons. 8)(x) = th( )(RR), where h is a spherical Hankel
function of the 2nd kind, and henceforth the superscript (2) will be

omitted.

Pm(cosa) is an aasoc1ated Legendre function of order v which, in general,
is noninteger. pm (cose) is real provided -~ 1 < c0s6 <+ 1. This is always
so in our investlgatlon. The azimuthal dependence, ejm¢, corresponds to a
circularly polarised form when m =1as in the present analysis. Later,
we introduce a linearly polarised form to distinguish phase factors more
clearly. A time dependence of the form ert is assumed throughout and is
suppressed for convenience, so that the corresponding outward travelling
spherical wave has a radial dependence e‘jﬂi In general, ﬁv(x) is a
complex function, although, when X>>1, H (x) ad +Jx and the radial
dependence becomes that of a spherical wave. The equations for‘ﬁzand FR
are the consequence of separating the variables in the spherical-wave
equation: a procedure which is only justified if the boundary conditions
on the surface 0 = 6] are independent of R and ¢. In practice, the
boundary conditions depend on Rl’ but, near the horn aperture, the

dependence is slight and the assumption is well justified.

The field components in spherical coordinates are obtained as follows,

where, for convenxence, the functions H (kR) and Pm(cose) are abbreviated

Jme

and the factor ¢ omitted:

= Angv §qul A_P"
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: A ooom . jo de
to = - [rates A0+ 4
i dP"

54,”0“[";;—“3—- + ratie F ]
( mH H' de
H. o= A v_p" .3

8 (RsTne v ‘ﬁ"'a—-
'H de AmH* m‘
H = -A + 3§ e POl
¢ R"H"’ Rsine

Let
™
PY(8) = g5—(cose)/PT(cose)
and ”
| (kr)
h (KR) = —— = -j as kR>>1
H {kr
v
Then
E JkRn Jjmh
= 5ty [Pe(e) + =
Hp o vivt [" Asine
and
H -JkRy JAmh
¢ _ 0 m
FE T (vt [pv(e) * Sine I

Provided that kb' < 2w, no TE spherical mode can be supported within the
slots. Usually kb' = 1, and we are then justified in placing EQJHR=0 at
) =8 If, in general, H¢/ER= Yat g = 8y we obtain a characteristic

equation for v in terms of e] and R:

-im2 2
JkRy ] jm2kRy, (h )

pu(87) (“7—0‘ BT(e;)

" W[wT)sine,
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If

ol v
Y Yy
where

Y = jy,(cot kd + 7%?7 )

o) F + l(07)) = g7 (h,)2

In our studies of the frequency dependence of corrugated horns, we have
neglected the second term in the equation for Y. Thus Y = 0 when Kd = n/2.

When Y # 0, the characteristic equation depends on R as 1/R since

¥ = cotkd év#lzv

In practice, kR>>1 at the mouth of a horn, and it is reasonable to assume

that Y is independent of R when calculating aperture fields.

The particular case Y =0is of special interest, since, under this condition
the radiation pattern of the feed horn is circularly symmetric and the

crogs-polarisation component is zero. When Y =0,
sin2g.{p"(8,)}2 = m2
1Y%\

where we have assumed hv(x) = -J.

In Fig. 3.4.2 we show solutions of the equation for m = 1 in the range
0 <8y < 90° and v < 12.

When 6] is small, sin 8 = 0 the characteristic equation becomes

J‘(ae ) 2 2
ol M 1 = 2]_ a4 v
o] - - ]

If we identify a = /v(v+l) with KRy, where K is the transverse (to z)
wavenumber of section 3.3.1 the equation becomes
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F2(Kry) = (nf)?

where B = B/k and K2 = k% - 82  This is the characteristic equation for
the corrugated waveguide derived in section 3.3.1 by means of & cylindrical
mode analysis.

Fig. 3.4.2

Solutiong of ﬁgaractariggic
equation for and modes
in corrugated N aoniaazlnhorn.

-~~~ modge in uncorrugated horn

3.4.2 Aperture Fields Under Balanced Hybrid Conditions

The boundary conditions on E¢ and H¢ lead to the expres&ions for the
hybrid factor A.

A= P, (67)sTn8,

sine
ie- (0o + Ty

When Y =Q,we have A = +] and we call this the balanced hybrid conditionm
since the components ER and HR are then in the ratio of the free-space wave
impedance. The positive sign corresponds to HE modes, the negative to EH

modes.
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We have, when hv = -j,

AR (maP™ ™Y AH
E = =n —p% =% + =2 [COSM = —we €, COS
8- Mo R (sTne " @B R EpCOSme

AH (RdP™  mP" AR
E, = Ve ¢ 2| sinmé = —w e, Sinme
¢ Mo R " sTne R “¢

In general,

Hy = = Yok
H¢ = yoEe
If m = 1, under balanced hybrid conditions with A = 2] ee = e ¢

he = 1y,8, and h¢ = ;y°e¢.

In Fig. 3.4.3, we show the function f$+(6) = (Pi/sine) + (dP%/de) as a
function of 8 for four values of 8] . We have normalised the curves by

plotting’f$+/v(v+1), since f$+(0) = v(v+l).

Fig., 3.4.3

\ %0 Normalised aperture-field
‘ distribution for corrugated
' horm.
I Parameter denctes horm semi-
angle el .
o2l A
94 re 1 " Il i " N i
0 C 20 G a0 %0 &0

1(8) 1vive1)

Y
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3.4.3 Radiation from Corrugated Horn

3.4.3.1 Kirchhoff-Huzgen method

Now that the aperture field at the surface R = R of Fig. 2.4.1(b) is known,
the radiation field Ep may be determined by a Kzrchhcff-ﬁuygen integration
over the cap R = Ro’ -e1<ee1, O<¢<2n. Prom Silver [11],
gt aly o ik ex -jkR') 2 V
Ep(R +8',9') R Tps x[ {1 tang -z,
s

x (1, ﬂtang)}exp(jkkdiR{gé)

-

{R" i, are unit vectors and the fields Etang”tang are tangential to the
surface of the spherical cap. On replacing the factor outside the integral
by ¢, we obtain, after some algebraic manipulation,
2n &
£ (850" = ¢ f f [E,cos(¢"~¢) - E,cosesin(s'~¢)
o 0

-+

z Hgcos8'sin(e'-9) - z Ho{sinesine’

+

cosecose'cos(¢‘-¢)}]exp[ijo{cosecose'
sinesine'cos(¢'-¢)}1sinededs

2n 81
f f [Eecosa sin{¢'-¢) - E {swnesine‘
0 o

+

1]

+

cosecose'cos(¢'-4)}+ z Hocos(¢'-9)

+

z°H¢cosesin(¢'-¢)]exp[ijo{cosecose'

sinesine’'cos(¢'~¢)lsinededs

+

Let a = kRocosa' and b = kRosine', and let
Eg(8,0) = -g(8)C cosme
E¢(6,¢) = h(e)C sinmg

On substituting for Ee and E¢, we obtain, after performing the

integration and combining the constants,
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, 9
Epe(e‘,¢? =D cosm' J [2jg(e)dm(bsine)sinesine’
0 .

(bsine){g(e)(1+cosecose’)

3h(s) (cosorcoss' )} + §™ 10, (bsine)

(jacose)

{g(e)(1+cosacose’) th(e)(cose+cose’)}] e sinade

The integral for E (8 ¢') is similar to that for Epe except that g@ ) and
h{e) are interchanged and cosmy' is replaced by -sinm¢'. When A = +1 , we

have
my 4Py
g(e) = h(e) = fu, (8) * §vg *gg o vhen K==

g(8) = -h(e) = f'\“,_(f?) 49 51;!)6

Formal E,, = *{F (8 ) + JF (8) cosd'
Pg sin

o 1 |
where Fr(e') =D fv+(e)Gr(e,e yde
i A i

Ccos

Gr(e g') = {(1+cose)(1+cose')sinesin

i

(acose)do(bsine)}

cos

-{(1-cos8)(1-coss"' )stne (acosa)d {bsine)}

sin

- Vein2
7+{Zsine sin ecos

(acose)J1(bsine)}

From the above equation, we observe that, under balanced hybrid conditioms,
pattern symmetry exists about the axis @' = 0. A maximum in the boresight
direction 8' = 0 occurs for HE]n modes, while for EH]n modes there is a
null on the boresight, and similarly for all modes with m>]. There is no
cross-polarised component of radiated field if the aperture field is
linearly polarised.
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3.4.3.2 Modal-expansion method for Copolar Radiation

In an alternative approach to the computation of the far-field of a
corrugated conical horn, we use an expansion of the horn-aperture electric
field in terms of the spherical modes of free space. To determine the
excitation coefficients of these modes, we invoke the orthogonality
properties of the Legendre functions over the spherical surface R = Ro and
assume that the field producing the excitation is zero outside the horm

where 6 > B].

For convenience, we begin our analysis with the case m = 1,|A| = 1, for
which the horn—aperture electric field is given by
exp(-ijo) . .
E(Ro,e,¢) z """R;_"' f\l’(e)(1ecos¢-1¢s1n¢)

We have set a mulfiplyigg constant equal to unity as we are concerned with
radiation patterns rather than the absolute far-field intensity. The
subscript * has also been omitted from the ft(e)function, the choice of
sign depending on the sign of A. Let the electric far-field be represented .
in terms of a combination of TE and TM spherical modes which exist in

R> RO. For R = RO

N @)
E(Ry»8) = z} Chn"’ (kR )1 (6)
n=

where f%(e) = (dPé/dB)t(P%/Sine), the sign depending on the sign in fi(e).
For N > kRoo the coefficients Cn have negligible values and we may truncate
the series at or near that value. On using well known orthogonality

relationships, (. is obtained as

n
_ 8
- 1
. exp(RJkRo} 2n+] . [ fx(e)fg(e)sinede
n 0 232(”*‘)2h§ )(kRo)o ’

Now that the intensity of excitation of the TE and TM spherical mode
combinations are known,the far-field of the horn is obtained directly. Om
making use of the asymptotic expression for the spherical Hankel functionm,

the normalised far-field pattern is given by
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In Fig. 3.4.4, we compare radiation patterns predicted by the Kirchhoff-
Huygen and modal expansion methods for 8 = 500, 60° and ?00; the
agreement is excellent. We have studied the convergence of the series and
have found that for various observation angles, the pattern converges to
within 12 when N = kRo. A good approximation to the final pattern is also
obtained with only about six terms in the series, especially for wide~
flare-angle horns. It is also possible to use the above method to
determine the near-field of corrugated horns as shown.
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Theoretical and experimentally measured radiation patterns

X H plane experimental points
0 E plane experimental points

theoretical average of E and H plane values obtained by
spherical-mode analysis

~~~~~~ obtained by cylindrical-mode analysis assuming constant
‘ phase over plane aperture
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(b) F = 9.0 GHz (e) F = 9.0 GHz
(¢) F =11.0 GHz (f) F = 11.0 GHz
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3.4.3,3 Modal Expansion Method For Cross-Polarisation

When A # 1, neglecting constants,

Ty
[ 1]

co = (BNF () + 2(1-R)f _(8)cos2g}

and

E

Xp i(1-ﬁ)fv_(e)sin2¢

Here we write,

H
'R
K= y
3%; o
dP_1(cos8) P *{cos8)
fo(8) = v +

ds sing

Figure 3.4.6 shows the normalised cross-polar aperture field in the diagonal
plane corresponding to ¢ = 45° and with the semi flare-angle 0, as
parameter. In contrast with the copolar aperture field, the crosspolar

field is a maximum at the hornm boundary.

To predict the radiation pattern one may either use a Kirchoff-Huygens
integration, or the spherical-wave expansion (SWEX) technique., SWEX

has the advantage of mathematical simplicity and the near-field can be
calculated as readily as the far-field. Interest in the near-field arises

in certain measurement methods and in some types of Cassegrain antenna.

_N N
Eco =‘é(1+A)§=1Cn+fn+(8)6(kRo) + é(1-A)ﬁ=1cnrfn_(e)g(kao)cosg¢
| N o
Exp = é“"mﬁﬂCn,fn_(G)G(ch)sm%
%
. 2n+l )
Cot = Z2(neT)E f £ tsinode

o
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S(kR ) j(n+1)
o' hn(Z)(kRo)

Figure 3.4,7, a) and b), show for the HE,; mode, measured and predicted far-
field copolar and crosspolar radiation patterns (the latter taken in the 45°

plane) for two horn semi-flare-angles.

S 61 = 30
87 = 60
)
525 Fig. 3.4.6
preg Cross-polar aperture field
[2}
!
=
2 30 50

ANGLE (QEB)

Fig. 3.4.7 (a)

Measured —_
and predicted ——
45° co and eross—polar patterns

8, = 12° kRo = 77.4

7] 68 12 18 24
ANGLE (DEG)
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Fig. 3.4.7 (b)
61 = 30° kRo = 34

72

3.5 Excitation and Mode Conversion

Thus far we have considered only the propagation and radiation character-
istics of individual modes. To complete our study we must consider in
addition, the excitation of hybrid-modes at the entrance to the feed and

mode conversion, if any, along the feed.

In respect of excitation, when both waveguides are cylindrical we are
concerned with a discontinuity problem of the kind shown in the insert to
Fig. 3.5.1. A transverse discontinuity in a closed structure can be

readily solved using modal matching methods along lines described by
Clarricoats and Slinn [12], Masterman and Clarricoats [13] among others.

The basis for the technique relies on an expansion of the transverse-
electric and transverse-magnetic fields in the common aperture of the two
waveguides, leading on the application of orthogonality principles, to a set
of infinite equations for the excitation coefficients. These can be reduced

to finite matrix equations when the terms are truncated. They are readily

solved numerically.
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Clarricoats and Saha [14] were first to approach this problem for HE11 mode
when a TE11 mode is incident in a smooth~wall circular waveguide. Later
Cooper [15] considered a step discontinuity in a corrugated waveguide while
much later Dragone [16] reconsidered the basic excitation problem and
obtained a useful approximate result described below. 1In all of these cases,
the surface-impedance model was used to represent the fields in the corrugated
waveguide, This procedure is reasonable when the number of slots per
wavelength is equal to or larger than five but the accuracy of the solution
will deteriorate if the number is reduced significantly below that figure.
An alternative procedure would be include space~harmonics to represent the
field in the corrugated waveguide or to adopt the technique advanced by
James [17]. He considers the practical case of a transition between the
smooth-wall and uniform corrugated-waveguide in which the slot-depth varies
between about A/2 and about A/4, see Fig. 3.5.2. The discontinuity model
for the corrugated waveguide comprises a change between successive circular
waveguides with diameters equal to the inner and outer diameters of the
corrugated waveguide. Matrices are established representing the standing-
waves in these regions. Figure 3.5.1 due to Clarricoats and Saha compares
with curve (i) of Figure 3.5.3 due to James and with Figure 3.5.4 due to
Dragone (note that for parameters r1fro = 0.5 and r.l/rh = 1.0 the null in
Figure 3.5.1 corresponds to w/wc = { in Figure 3.5.4) Dragone also shows

that a very simple formula for the reflection coefficient p given below is

very accurate

8,8,

p - - )
B,+6,

where 8 are the propagation coefficients of the modes in the respective

1,2
waveguides,

We turn now to the problem of mode conversion: this can occur both at the
above discontinuity and along the feed if either the corrugation depth varies
or the diameter increases as in a horn (or both). Dragone [16] and also
Mahmoud and Clarricoats [18] have made a detailed study of this problem, the
latter authors by extending the technique developed by Dragome [16] for
narrow flare-angle horns. In a dominant mode horm, the most significant

mode conversion effects are those which involve conwversion from the HE {4
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a) Reflection ecoefficient of TEZ mode incident from a homogeneous circular
waveguide on a junction with & ecorrugated eircular waveguide. Parameters

r,/r, and r,/r,.

b) Experimental v.s.w.r. as a function of frequency measured at the throat
of a narrow-flare~angle horn with 6} = 12° and theoretical curve for
rz,fro = 0,85, r*zz‘rh = 1.1, :
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Fig. 3.5.2

Crosg-gectional view of eircular
waveguides.

(a) Corrugated mode converter
section at the junction
between a emooth~walled and
corrugated waveguide.

(b) Junetion between two smooth—
walled waveguides of differing
radius.

(1) Return-loss without the
eonverter section. (ii) Converter
with glot depths increasing from
zero. (iii1) Converter with
decreasing slot depths, beginning
with A /2 at the input (f_ is the
centre’ frequency where kai z 2.8).
(iv) Comverter with constant slot
depth but with variable 8.
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mode to the HE12 mode, since this latter mode is rich in cross-polar

radiated field when the aperture conditions approximate balanced-hybrid.

By considering mode conversion in a small interval along the horn between
R and R+dR, Mahmoud and Clarricoats [18] show that the differential change
in the amplitude of the EH12 mode in a horn of semi-flare-angle 81 is given

by

X, X, (68,5in86 )“5
172 Y1 1 dv

where dY is the change in the normalised surface-admittance. When the slot-
depth is constant dY is nearly linearly proportional to 1/kR1 which in turn
is proportional to sin61, assuming that the dimensions of the aperture are
held constant as 61 changes., Figure 3.5.5 shows for a horn with 61 = 30°,
how mode conversion along a horn with constant slot depth’ influences the
radiated crcss-polar level of the HE11 mode, The components of cross—
polarisation due to mode conversion at the throat and the intrimsic HEI1

crosspolar also contribute to the overall level.

3.6 Multimode Corrugated Feeds

The feeds considered above are designed to support one mode of propagation
and a higher-order mode is present only as an undesirable feature. This
situation contrasts with the multimode feed where the presence of the higher-
order mode is an essential and desirable aspect of the design. Multimode
feeds can be designed using smooth-wall waveguide but in general their
features are similar to those of multimode corrugated feeds, with one
exception. The exception is the so-called Potter horn where a hybrid field
is sythesised by the excitation of a TE:H and TMH mode in correct amplitude
and phase. Such a feed emulates the HE11 mode of a corrugated feed, but over
a limited bandwidth. Returning to multimode corrugated feeds per se, two
principal applications exist, in one, higher-modes are present to improve
efficiency; in another, they provide tracking information. An example of

the first kind is the feed combining the HE11 and HE12 modes which was
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developed as a prime~focus feed for the Parkes radio-telescope by Vu and
others [19]. Another example in this class, is the feed combining HE11V‘
and HE21 modes proposed by Rudge [8] to synthesise the focal-field of ab
off-set reflector antenna, In the second class lies the multimode feed
shown in Figure 3.6.1 together with corresponding modal fields. The4HE‘1
_ mode provideg the signal channel while combinations of orthogonal HEZI
modes’with respectively H01 and EO modes provide azimuth and elevation out-
: puts. A feed of this kind has the advantage over a pure-mode equivalent, in
ihat it affords polarisation purity and the concomitant opportunity - to

extract polarisation information in sum and difference channels.

The feed is operated at a frequency such that the normalised propagation
coeffxc1ent of all three of the tracking modes are nearly degenerate and lie

close to the condltxon B = K.

General expressions for the fields are as follows.

HE11 mode (sum channel)

a
B = =i § ((B+ D (Kr) + (R - B),(Kr)cos2s}
€, = -"a" k(R - B0, (Kr)sinze)
y =37z g (A~ Bl,lKr)sinze

The form of the equation E_ shows that the aperture field becomes perfectly
linearly polarised when A= é. However other than for very large apertures,
the condition for zefo crosspolarisation of the radiated field occurs at

a frequency slightly above that at which A = 1. This latter condition is
referred to as balanced hybrid, and when it occurs the corrugation depth of .

a waveguide with kr1 > 1 is approximately A/4.

o HOI mode {(contributor to the ézimuth—&ifference channel)

m
|

= ‘an0,1%d,1(l<r)sin¢

]
i

y = "J'lem-é\l‘l(KY‘)COSfb »
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E., mode {(contributor to the elevation~difference channel)

02

]
|

= jaozK §J1 (Kr)cos¢

= jaozé §J1(Kr)sin¢

m
M

| (1) side view (ii) end view
2:0

schematic diagram of waveguide junction geometry

Channet ~ Aperture Distribution Constituent modes

Fig. 3.6.1

o ‘ Corrugated monopulse feed
sum and monopulse mode patterns

HEy

azimuthal difference @ + @
Ho HEZy

elevation difference @ . @
Eqz

HEn

HE21 (contributor to the elevation-difference channel)

HE21* (contributor to the azimuth-difference channel — Asterisk denotes

orthogonal polarisation) g

a - o -
£, = -3 —2L RU(B + 1)J, (Kr)cose + (R - B)J;(Kr)cos3e)

y*
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. o |
E, =% _§l§{(§ + D)a, (Kr)sing + (X - B)I5(Kr)sin3e}
X‘k

Incontrast with the HEi1 mode, the equation above shows that for the HE21
mode, even if the term in (K - B) is negligible, the field has equal copolar
“and crosspolar components. But, assuming mode degeneracy, a judicious

choice of the ratio of coefficients a., and a,, ensures, provided the fields

02
are combined in-phase, that the crosspolar component of the total field

vanishes., Then the linearly-polarised aperture field under nearly balanced-

hybrid conditions generates an almost linear-polarised far field, Similar

01

arguments apply for the and KE21* modes,

#ﬂ reference

{a)

&

5

5

3
reiative phase, degrees

§

0570 o§Egm 090 0978

(c) N
Fig. 3.6.2 Mode excitation levels

(a) sum channel
(b) azimuthal difference
{e) elevation difference

-

(b) ——TiE,pohase

In summary, the contributions to E_ from the H01, EO2 and two types of HE21
modes cancel when the terms in (K - é) are neglected, then the aperture

fields of the difference channels have the form.

m
1

= C1J1(Kr)cos¢ (elevation)

i
t

= CZJ1(Kr)sin¢ (azimuth)

As noted previously, any departure from the correct amplitude or phase of
the combination will introduce corosspolarisation, as also will a significant

departure from the condition that (A - B) is negligible for the HE,, mode.
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Clarricoats and Elliot [20] have made a detailed analysis of a feed of the
kind shown in Figure 3.6.1 and have examined how the excitation coefficients
depend on the size and location of the square input waveguides. Typical
results are shown in Figure 3.6.2. From their parametric study they conclude
that a cluster of square waveguides close to the centre of the feed is best
to achieve appropriate excitation of all the modes, although they also
demonstrate the need for a mode-selective phase-shifter in order to produce

the correct phase characteristics in the feed aperture.

A similar multimode feed which just uses the HE!1’ HE21 and E02 modes has
been developed by Watson, Dang and Ghosh [21]. In this feed the azimuth and
elevation channels are extracted from a sum and difference of the latter mode
pair. Their feed system was developed for use in a spacecraft where accurate
alignment of the antenna with respect to a point on earth, is an essential

requirement for efficient transmission,

3.7 Radiation Characteristics of Pure Mode Feeds

Feeds with smooth metallic walls can support both TE and TM modes. However,
the simplest class are designed so that only the lowest order TE mode is
excited, For feeds with circular and rectangular cross-section, their
propagation and radiation characteristics are well documented; also
appropriate expressions can be obtained as special cases of the hybrid-mode
results of section 3.3. The radiation pattern of these simple feeds can be
predicted using the Fourier Transform method and below are the Cartesian
components of the radiated electric field for a number of feed types. The
corresponding copolar and crosspolar fields can be obtained using the

expressions given in section 3.3,

Rectangular Waveguide (Cross-section 2ax2b) with TE01modé y-polarised

E =f T cos ka sind cos¢ sin(kbsing)sing
yp o 7% T-(Z2ka sind cos¢)? kbsTnésing

v
E. =0

xp
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Circular Waveguide (radius r1) with TE11 mode y-polarised

Eyp = ?ﬂj(kr151"9) sin2¢ + coso Ji(kr1sine) cos?¢
(kr,sing) 1= krysing ,

Exp = i[f1(e) - fz(e)] sin2¢

where f1 and f2 are the functions in the first and second terms of Eyp.

Horns

For both rectangular and circular cross—-section horns of narrow flare-angle,
the radiation patterns can be evaluated numerically also using the Fourier
Transform method only with the addition of a multiplicative phase-factor of
the form exp{fihczi + %%)} or exp{f%%éi} respectively, where Lx, Ly and Ro

2 'Lx
are the appropriate horn slant-lengths.

Polygonal Feeds

The radiated fields of rectangular and circular cross-section horns and
waveguides have crosspolar components which are unacceptably high for many
satellite applications. However, on examining the expression for Ecp in
section 3.3, we see that in the 45° plane where crosspolar radiation is
generally a maximum, and for angles not too close to boresight, ECp becomes

zero if

E
YP . tanZe
Exp 4

To achieve this condition in the radiated field components Eyp and Exp’ both
x and y components of field must be present in the radiating aperture, Thus,
the optimum aperture electric field must have curved field lines and recog-
nition of the need for field curvature led Rudge et al [22] to propose the
use of polygonal horns as low crosspolar feed elements. The aperture field
characteristics can be determined by numerical methods such as the Finite-

Element technique and the radiation field by means of the Fourier Transform.
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The amount of field curvature in a dominant mode feed depends both on the
electrical size and shape of the feed. Figure 3.7.1 shows an 8-gsided feed
horn investigated by the above authors while Figure 3.7.2 shows the cross-
polar performance. Very low crosspolarisation over a reasonable band occurs
when the ratio % = 0,4 and % = 1,25. Because of the feed asymmetry the horn
is unsuitable for dual—polansatlon applications and for this reason the
hexagonal feed w1th 3" 0.5 is generally preferred. Such horns are physically
compact and are ideally suited as elements for an array feed where they

permit closer packing than conical elements. The latter have been used for

1 la,
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arrays and as Figure 3.7.3 due to Adatia et al [23] shows, they too exhibit

low cross—polarisation for about the same aperture dimensions.

3.8 Array Feeds

As explained in 3.1 array-feeds are essential for advanced spacecraft

antennas where either sophisticated contour-beams or multiple-beams are
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required. Exceptionally high performance is possible when more than one
element contributes to a given beam although the problem of array excitation

can be formidable,

The elementary theory of arrays separates the array-factor and the element-
factor. However, mutual-coupling causes the element factor to change with
element spacing. Bird [24] has given detailed consideration to the multi-
element circular waveguide array as shown in Figure 3.7.4, He uses a method
originally proposed by Hockham in order to determine the effects of mutual

coupling and a brief resume of his analysis follows.

In Figure 3.7.4 the waveguides are assumed to be identical and in general

they may be dielectric loaded and arbitrarily located in the ground plane.

The magnetic—field components at a distance R from the origin in a plane
transverse to the z-direction are related to the aperture electric field

through the identity

HQR) = —1— (3 + 9,92

21\'0)‘(9
X f | aSE®,0GUR-RY) Fig 3.7.4
Planar array with the radiation
X field point P and the source point

P' in the waveguide aperture.

where |R-R'| = V{x=X"JZ+{y-y")Z+2?

G(R)=eXP(~jk6R)/R is the free-space Green's function and \7t is the
transverse gradient operator, ko = w/c is the wave propagation constant in

free-space. As Et vanishes on the ground plane, the infinite integral
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reduces to a sum of integrals over the N waveguide apertures D, (i = 1,2,

voo,N)c

In waveguide i the tangential fields are given approximately by the M mode

expansions

W) ; alDendm” _ plidgimty
m=1 m

M

oy a2 . 2 .
Eii) = I Zm[aé’)e'JYm + bé’)eJYm Ih xz

whereAhm, the transverse magnetic field of mode m and Zm is the wave impedance
of mode m which is given by

kolvm TE modes
I = Zo

Ym/koer T™ modes

co is the intrinsic wave impedance of free~space and €, is the dielectric
constant of the waveguide filling. +ym = Bm _jah is the propagation constant
‘of mode m. Mode m is the mode with the mth highest transverse wavenumber
Am’ or eigenvalue, when the wavenumbers of the TE and TM modes are arranged

in order of ascending magnitude.

When the field point lies on the plane z = 0, the equation in Figure 3.7.4
becomes an integral equation in the field components tangential to the array
aperture. This equation is a constraint upon all possible trial solutions to
the aperture fields. One possible set of trial solutions are the fields
inside the waveguides. Although these do not satisfy the edge condition at
the mouth of the waveguides they are suitable trial solutions in many

applications.

By the Galerkln procedure of projecting the vectors h onto the resultlng

(1)

equation throughout the domain D,, a relation between A(l) and B

i
obtained as B(l) (13) (J) where

(i) _ (1) (i) (i) _ ( ) (i)
Am1 -am‘ +bm‘ and Bm‘ =a'! b‘
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and ( ) VA ‘
1‘3 - j n . . ‘h! -R*
Con’ | = Trsis N dsh,_+(k2+V,V,) ds'hy (G({R-R*[)
D 5

This gives the coupling between mode m in waveguide i and mode n in waveguide

j.

The operator Vt acts only on the unprimed co-ordinates inside the integral
over D,. By means of Green's theorem it can be shown that the second term
involving Vt originates from an axially directed component., This enables

the above equation to be more conveniently written as

R j Z
(13) - JO.)SO n Tyt '
Cmn = - N; [ dS‘Ym ds ‘i’nG( ‘R-R ])]
Di Dj

where the vector ?m is defined by
=h +™h 3
U = P ¥ F; M om?

hzm is the longitudinal magnetic field component of mode m.

Everywhere in the plane(i = 0 the Green's function can be represented by a

contour integral in the complex frequency plane w. That is

G(|R-R'|) = G( ) " @ | )]m wds(kopw)as(kopjw) )
R'[) = G([p-p;]) = -3 ?gzoeoscos[s(¢~¢j J - "
o]

where p and ¢ are the co—~ordinates of P relative to the centre of waveguide
j. By means of the equation it is possible to complete all the integrals
over the apertures. FHowever, the contour integral in the w-plane remains
and must be evaluated numerically. When the apertures are separate, the
Green's function can be expanded asymptotically in terms of the separation

distance and, therefore, contour integrals are not required.

Bird [24] gives numerical results for separated apertures which are valid

provided the separation is large compared to the waveguide diameter and

.
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provided the neglect of higher nodes in the coupled waveguides is valid.
Recently Tun and Clarricoats [25] have removed these restrictions in the case
of a 7-element cluster, Prior to this theoretical work, experimental
measurements were conducted by Adatia, Claydon and Brain [26] with both

conical and hexagonal elements in a 7-element cluster.

In contoured beam or multiple beam applications the reflector intercepts the
element pattern of the array at the 3-4 dB level of ‘the copolar radiation,.
Since dual-polarised operation is mandatory it is the crosspolar level within
the corresponding angular domain which is of interest. Figures 3.7.5 a) and
b) show experimental patterns [26] for two orientations of the TEH mode
electric vector in the conical horn aperture. The copolar plots clearly

show distortion which Tun and Clarricoats [25] have found to be associated
with the excitation of the 1E,, mode in the elements of the array. This also
explains the high level of crosspolarisation especially for vertical polar-
isation. The experimental work alsc showed increasing distortion with
increasing frequency again attributable to the higher level of TE21 mode
excitation., In practice, the array factor significantly reduces the undesir-
ably high level of crosspolarisation but the importance of higher mode

excitation in array feeds is apparent,

Fig. 3.7.5 (a}

Linearly polarised radiation
fields from immersed conical
element.

Vertical polarisation
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Fig. 3.7.5 (b)

Linearly polarised radiation
fields from immersed conical
element.

Horizontal polarisation

3.9 Surface-Wave Feeds

In situations where a number of high gain feeds are required in a close-
packed array, the surface-wave feed element commends consideration. Several
types of surface-wave element have been studied including the dielectri; rod-
and the disc-on-rod-antenna. As dielectric materials are not preferred for
spacecraft applications we confine attention here to the disc~on-rod
structure. Figure 3.9.1 shows the prototype where the region of width £ may
in general be dielectric filled although in the present case the relative
permittivity of the dielectric is assumed to be unity; in the launcher
region the disc-~on-rod is surrounded by a perfectly conducting circular

waveguide. In the radiating region the disc-on~rod structure is unshielded.

As with the analysis of the corrugated waveguide, the radiation properties
are obtained after first solving the characteristic equation and obtaining
the transverse aperture field. Because the structure is periodic the field

must be represented in terms of space~harmonics leading to the following



characteristic equation for the normalised propagation coefficient BN of the

Nth space-harmonic of the nth azimuthally dependent mode given by

Salxqe X2 _p Mo [V Yao) (B (Sinay,
2
S S "z VitRalINT Tno?| B
8.b
o mend i 21N N
whereYN-k(S§1)r1 BN"Bo"'T,A'T

Other functions have been defined previously. Figure 3.9.2 due to Olver

and Dubrovka [27], shows 1/§O = C/V as a function of normalised wavelength for
the HEﬂ mode. Comparison with experimental results (curve A) shows the need
to include the first pair of space~harmonies in addition to the fundamental
(curve C), in order to obtain results valuable in design. Curve B is the

result obtained when space~harmonics are not included.

When the shield is removed to infinity the § and R functions in the character-
istic-equation become identical and the bracketed term becomes

rMn(y) (ngy )2

¥z nyn(y)

where Mﬁ(.v) = Y%?%i

The transverse aperture field of the HE11 mode is given by

= A{K (y)i, -

EI Wiy g K (y)[c052¢1 + sin2¢? 1}

J

Where Ko(y) and Kz(y) are Bessel functions of the third kind and of order

zero and two,

The radiation pattern of the disc~on-rod antenna can be obtained by taking
the Fourier Transform of the aperture field. The ¢-independent radiated
field can be readily obtained from the Hankel Transform of Ko(y) if the

integration interval over r is taken to lie between 0 and . Then,

1
Exp i y§‘+(kr1s1n Dk
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Fig. 3.9.1 V
Open corrugated waveguide
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In practise, the truncation of the aperture field at r = r, will modify the

above result and furthermore direct radiation form the launcher will add to

the complexity of the radiation pattern.

Inspection of the equation for ET once again shows that cross-polarisation

8 = 0.

vanishes if A = B, a condition which occurs when Sn(x1,x2)
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4. Design Aspects of Commercial Satellite Antennas

by K.C. Lang and F.A. Taormina

4.1. Historical background

Worldwide communications via commercial satellites was initiated in 1965
with the successful launch of the spin stabilized Early Bird (Intelsat I)
satellite into synchronous orbit., Its high gain antenna consisted of an
array of colinear dipoles providing a toroidal beam for earth coverage.

Its capacity was 240 two-way telephone circuits.

In 1967 the first Intelsat II satellite was launched. Increased communica-
tions capacity over the Early Bird was achieved with additional spacecraft
power, coupled with a directive beam from an electronically- despun phased
array. Each Intelsat II satellite provided 240 two-way telephone circuits
and two-way television capability.

The Intelsat III series was launched in 1968 through 1969, each satellite
providing 1200 two-way telephone circuits or four television chamnels. The
mechanically despun antenna consisted of a horn and reflecting plate to

provide an earth coverage beam.

The weights of these Intelsat series satellites increased progressively:

85 pounds for Intelsat I, 192 pounds for Intelsat II, and 322 pounds for
Intelsat ITII. The next generation, Intelsat IV, was a giant by comparison.
Launch weight swelled to 3058 pounds and communications capacity increased
to 5000 two-way telephone circuits, 12 simultaneous color television chan-
nels, or any combination of transmissions to include telegraphy, data, and
facsimile. The antenna system consisted of four earth coverage horms, two
front fed reflectors (50 inches in diameter) providing spot beam coverages,
and two bicones for telemetry and command. The first of this series was
launched in 1970.

increasing traffic of worldwide satellite commumnications created a demand
for satellites with even higher communication capacity. Almost doubling
the Intelsat IV capacity, the current Intelsat IVA satellite reuses the



available 500 MHz spectrum at the 6/4 GHz frequency bands. Each antenna
provides an east and west hemispheric coverage shaped beams which are
spatially isclated to allow frequency reuse. The first of the Intelsat IVA
series was launched in Septe@ber 1975, weighing 3335 pounds.

The world's first domestic satellite communications system using satellites
in synchronous orbit was the Telesat (Anik A) series of Canada. Launched

in 1972 with a weight of 1242 pounds, it has a communications capacity of
5760 telephone circuits. The first domestic synchronous orbit satellite of
the United States is the Westar series, owned and operated by Western Union,
Launched in 1975, it is a modified version of the Telesat satellite with
the antenna beame reshaped for coverage of the continental United States
(CONUS), Alaska, and Hawaii. The third domestic satellite system, Palapa A,
for the Indonesian national was also a derivative of Telesat design with the
antenna beam reshaped to provide coverage over Indonesis, Thailand, Malaysia,
Singapore, and Phillipines and was launched in 1976.

The first domestic communication satellite system that has design techniques
developed for beam shaping on the antenna, the Comstar series, utilized
frequency reuse for increased communication capacity. This satellite reuses
the frequency band via independent orthogonally polarized beams which are
shaped for efficient illumination of continental United States, Alaska,
Hawaii, and Puerto Rico. Launched in 1976, this satellite weighs 3255 pounds
and has a communications capacity of 28,800 telephone circuits., The RCA
Satcom satellite is similar to Comstar I in communications capacity. It

uses elliptically shaped beams to provide coverage over CONUS and Alaska.

From the antenna technology viewpoint, the key features of commercial com-
munication satellite antennas lie in {1) beam shaping for efficient illum~
ination of designated coverage area, as demonstrated by the Telstar,

Westar, and Palapa antenna designs and in (2) frequency reuse through spa-
tial isolation oi polarization diversity, as demonstrated by the Intelsat
IVA, Comstar, and RCA Satcom antenna designs. Enhancement of these features
helps to increase the communications capacity, and is demonstrated by the
Intelsat V antenna design which provides almost a four-time increase in

communications capacity over Intelsat IV through frequency reuse via the
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‘spatial isolation technique demonstrated by Intelsat IVA and frequency
reuse via polarization diversity. The first Intelsat V spacecraft was
launched in 1981. Detailed discussion of the Intelsat V antenna design can

be found in a paper by Han, et all.[l].

To date the most advanced commercial communication satellite antenna design
is represented by the Intelsat VI antenna system being developed>by Hughes
Aircraft Company. It will provide a six~fold frequency reuse via two spa-
tially isolated hemispheric beams and spatially isolated spot beams within
each hemispheric beam, plus polarization between spot beams between the
hemispheric beam. Each Intelsat VI will weigh 4000 pounds and will be able
to carry 33,000 ﬁwo~way telephone circuits and four television channels.

The first Intelsat VI will be launched in 1986.

The following subsections discuss (1) the general design aspects of com-
merical communication satellite antennas; (2) the linearly polarized Telstar/
Westar, Comstar, and Satellite Business Systems (SBS) antenna designs; and
(3) the circularly polarized Intelsat IVA antenna design which partially
serves as the foundation for the Intelsat VI antenna design. The SBS
antenna, developed by Hughes Aircraft Company, is included because it has

a unique design feature, namely, the use of an of an offset shared aperture

dual-grid reflector.
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4.2. General design considerations .

In addition to the RF requirements of coverage gain, gain slope,
polarization, and isolation, the flight design of any spacecraft antenna
must also address mechanical and environmental considerations, such as
launch vehicle shroud envelope, solar wind transparency, and space environ-
ment survivability. In addition, all space antenna &esigns must be light-
weight and able to withstand vibrational loads during launch. Although
there is a broad class of high gain antennas such as reflectors, phased
arrays, and lens antennas, reflector antennas are mostly used for communi-
cation satellites because of their advantage in weight, fabrication ease,

and cost.,

The communication satellite antenna design starts with the layout of the
satellite body within the launch vehicle shroud. After determining the
volume available for the antennas, the antenna engineer is challenged to
utilize this volume efficiently. The shroud volume limitation is illus-
trated in Fig. 4.1. For a spin-stabilized satellite, the aperture area
available for a nondeployable antenna is limited by the shroud diameter
and height. For a dey~stabilized satellite, the reflectors of a large

antenna system must be deployed in order to stay within the shroud

envelope.

Most future commercial communication satellite designs will be required to
be compatible with both the Shuttle Transportation System (STS) and the
Arianne or Thor-Delta launch vehicles. This places additional volumetric
constraints on the antenna designer because the dynamic envelope is signi-
ficantly different between the shuttle bay and a conventional booster
shroud. The orientation of a satellite in the shuttle bay must be carefully
worked out to have a minimum length along the shuttle's longitudinal axis
since the S$TS launch cost is proportional to the normalized weight or to

‘the normalized length of the payload whichever is greater.

Solar wind transparency of the antenna is more of a constraint to the spin-
stabilized satellites than to the body-stabilized satellites. For a spin-
stabilized satellite design, if the antenna has a large solid reflector,

the solar wind will cause a transverse force greater on the antenna side,
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.therefore, causing instability of the satellite orientation. For this
reason antennas on spin-stabilized satellites often use reflectors with
porous mesh surface. A body-stabilized satellite deploys large solar
panels to both sides; therefore, the solar wind torque is more balanced.

- and has less effect.

Materials used in the fabrication of lightweight space antennas must with-
stand the hostile space environment. In general, materials must have low
thermal expansion coefficient and must not outgas appreciably to avoid con-
tamination of the solar panel. To minimize distortion of the antemna struc~-
ture, graphite and Kevlar fibers are commonly used because of their
excellent thermal expansion properties. To reduce thermal extremes, Kapton
blankets are usually used to wrap the back side of the reflector, the

antenna support structure, and the feeds.
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DEPLOYED FROM
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r——

BODY-STABILIZED SATELLITE GYROSTAT
SPINSTABILIZED SATELLITE

Fig. 4.1. Satellite Orientation in Booster Shroud Comparison
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-4.3. Design factors of shaped beam reflector antennas

A general discussion of shaped beams would be concerned with the generation
of beams with an arbitrarily specified dependences of gain upon angle. The
present discussion is limited to a particular type of shaped beam: one that
is designed to cover a specified area or solid angle and to provide the

maximum gain value for the minimum constant gain contour over the area.

4.3.1. Shaped-beam efficiency

As illustrated in Fig. 4.2, an ideally shaped beam is a flat-top beam with
the edge of the beam conforming with the boundary of the coverage area. By
the application of the law of conservation of energy, the product of the

gain value, G, with the solid angle, R, (in radians) covered by the beam is

given by
G = 4n
that is, if the solid angle is expressed in square degrees,

6o = 41,253 (degrees)?

In practice, a shaped beam will have a rounded top and sidelobes and will
not exhibit a sharp edge at the boundary of the coverage area. Therefore,

the efficiency of the beam defined as

Minimum gain over area_x

Shaped Beam Efficiency = 100 x solid ang}ezégegrees)

will always be less than 100 percent. For best "shaped beam efficiency"
the edge coverage for simple shaped beams is typically chosen to be 4 to

4.5 dB below the peak of the bean.

A shaped beam antenna requires am aperture larger than that of a pencil
beam antenna, and the aperture distribution departs markedly from a gently
tapered distribution. As a consequence, the beam which exhibits the
higher "shaped beam efficiency'" will usually be generated by an antenna
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with a lower aperture efficiency than is characteristic of antennas that

are used to produce simple, unshaped beams.

4.3.2. Flat~topping and boundary matching

High shaped-beam efficiency is obtained in two ways. First, the flattening
of the top of the beam reduces the energy radiated in the center of the
beam which is in excess of the minimum value at the edge. Second, the
matching of the boundary of tﬁe coverage area by the contour of the beam
reduces the power radiated outside of the specified area. These two design
aspects are interrelated and must be simultaneously achieved in the genera-

tion of shaped beams.

4.3.3. Methods of generating shaped beams

In principle there are several types of antenna that can generate shaped
beams. However, in practice the preferred choice is an offset parabolic
reflector fed by an array of feed horns. In designing the feed for a
shaped coverage, the field variations generated in each feed horn and in
the space between feed horns should not be reproduced in the far-field of
the reflecﬁor. The Fourier transforms will be used to show how the feed
and reflector parameters can be selected to achieve the most shaping or
squaring of the sector beam without introducing feed-horn ripples into the

far-field pattern.

4.3.4, Analysis by means of Fourier transforms

The analysis of reflector antennas is greatly simplified if the reflector
is considered to be in the far-field region of the composite feed array.
This assumption 1is sufficiently true so that the following analysis will
give meaningful and useful results. As a consequence of the far-field
approximation, the field at the reflector aperture which is the projected
area of the reflector onto the plane normal to the reflector axis can be
considered the Fourier transform of the fields in the feed aperture. 1In
this analysis the fields that lie outside of the projected reflector aper-
ture are considered negligible. The far-field radiation pattern of the

-reflector antenna is the Fourier transform of the field in the reflector



,aperture. Since the range of angles in the aperture distribution that are .
passed to the far-field by the reflector is limited by the angular size of
the reflector as viewed from the feed, the feed distribution is reproduced
in the far-field of the reflector with a distortion determined by the angu-

lar size of the reflector.

For simplicity, in the following discussion of reflector antenna analysis
by Fourier transforms, the one-dimensional case is described. However,
the extension to two dimensions 1s generally straightforward. As an exam-
ple, a multihorn feed is assumed to have a field distribution shown in
Fig. 4.3. The feed aperture distribution f(x) can be considered to be the
convolution of the two functions g(x) and h(x) shown in Fig. 4.4(a). The
Fourier transforms of the two distributions, G(u) and H(u), are illustrated
in Fig. 4.4(b). The far-field radiation pattern of the feed aperture is
the product of these two functions and is illustrated in Fig. 4.4(c). The
central peak, together with its sidelobes enclosed by A-A is transformed
into a sector beam in the far-fleld of the reflector. As the angular
dimension of the reflector is increased, more sidelobes are intercepted by

the reflector and the sector beam in the far-field of the reflector becomes

squarer and flatter.

The first grating lobe and its sidelobes (B-B) represent the lowest order,
sinusoidal component of distribution in the feed aperture. If this grating
lobe is reflected to the far field, it would create a sinusoidal amplitude
variation with angle in the sector beam. Since the appearance of this
periodic variation,or ripple,within the sector beam is usually not desired,
the angular extent of the reflector must be limited to less than the angu-~
lar range bounded by the grating lobes of the feed aperture distribution.
It is apparent that the angular extent of the reflector and the squareness
of the gector beam can be increased if more sidelobes of the main beam can
be reflected without including the grating lobe. This result can be

aéhieved by increasing the number of horns that are contained in the feed

aperture.

As a compromise between the squareness of the sector beam and the ripple
within the beam, the edge of the reflector ought to be set at a point

roughly midway between the primary peak and the first grating lobe of the
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‘radiation pattern of the feed structure. For feed horn spacing such that
the grating lobe is within about 45° from broadside and the angular extent
of the reflector is modest, it can be shown that the resultant beams from
each of the horns are spaced so that the peak of each beam is located at
about the first null of the adjacent beam. In this case, the crossover
point for sin x/x beams is approximately 3.9 dB. The best compromise would

have to be found by computation.

The grating lobes and'sidelobes that are not reflected represent spillover
loss. 1If the feed horns are arranged to be touching each other, the magni-
tude of the periodic components in the aperture distribution will be
decreased and, hence, the spillover will be reduced. If the horns and the
feed aperture are made smaller, fewer grating lobes will remain in rgal
space further reducing the spillover. Accordingly, one may conclude that to
reduce spillover, the horns should be contiguous and small enough to avoid

the generation of a grating lobe in the feed radiation pattern.

The far-field pattern of the reflector is the FOurief\transform of its
aperture field and is given by the convolution of the aperture distribution
f(x) with e(x) which is shown in Fig. 4.5. As a result one would expect to
see some ripple or cyclic variation near the edges of the sector beam that
is due to the abrupt cutoff of the reflections at the edge of the

reflector.

4.3.5. Summary

As a result of the preceding analysis, the following observations can be

made in regard to the design of shaped beam antennas.

1. The feed horns should be contiguous and small enocugh to eliminate

or significantly reduce the size of the grating lobes to reduce

spillover.

2. The focal length of the reflector should be selected to obtain

the desired angular extent seen by the feed horns.
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The angular extent of the reflector should be made as large as
possible without introducing an unacceptable amount of ripples
into the interior of the sector beam by the reflection of a

grating lobe or its sidelobes.

The edges of the beam can be made squarer and better defined by

increasing the number of horns in the feed.
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Fig. 4.2. Ideally Shaped Beam Description
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Fig. 4.3. Feed Aperture Field Distribution
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4.4, Telesat (Anik A) /Westar/Palapa communications antenna

&.4,1. Introduction

The Anik A mission is to place a 1l2~channel, 5760 telephone circuits, active
repeater in synchronous orbit and to continuously operate this repeater over
a 7-year life span. The principal spacecraft elements and their arrangement
on the spacecraft are shown in Fig. 4.6. The spacecraft's appearance is
dominated by the large parabolic reflector and the cylindrical solar panel.
The opening in the reflector structure is covered with a fine metallic mesh
to provide the microwave reflection. The spacecraft is spin-stabilized and
the reflector and its feed are despun. A noncontacting rotary joint provides
the microwave transmission path between the 12-channel repeater and the
antenna feed. The reflector axis is tilted back 7.85° and a three-horn feed
is designed to provide optimum coverage of Canada. ‘Excellent coverage for

any spacecraft station location from 85 to 120° west longitude is achieved.

4.4,2. Antenna description

The antenna consists of two sections: a spinning section which is mechan-~
ically attached to the satellite thrust tube and electrically connected to
the repeater and a despun section which is mechanically attached to the
spinning section by a noncontacting rotary joint. Most of the antenna
equipment is part of the despun section which includes the reflector, the
feed and the telemetry and command (T&C) antenna. The spinning section

consists of the remainder of the feed network (Fig. 4.7).

The offset parabolic reflector used for Telstar has a projected aperture
60 inches in diameter and a focal length of 30 inches. Its feed consists
of three horns which provide vertically polarized receive signals at

6 GHz and horizontally polarized transmit signals at 4 GHz. The east-west
pointing of the beam is controlled by the despun system. The coverage
contours that are shaped to match the Canadian boundary are shown in

Fig. 4.8.

The reflector consists of a skeleton structure onto which an RF reflective

metallic mesh is attached. The mesh is partially transparent to the solar
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wind to allow an acceptable satellite precession rate. Both the skeleton
and support ribs are fabricated from an aluminum honeycomb, graphie fiber
composite. Graphite was selected for its strength and low thermal expan-
sion coefficient. The skeleton and support ribs are formed on a machined

mandrel and are oven-cured.

4.4.3 Transmit function

The transmit feed network, as depicted by the block diagram in Figure 4.7,
has two inputs, one for the even and one for the odd numbered repeater
channels, and three outputs connecting to the three feed horns. The trans-
mit function has two modes depending upon whether the signal originates at
the odd- or even-channel input. The distinction is based on the directiom
of azimuthal phase progression, east to west, or west to east. If a signal
originates at the odd-channel input, it is trisected into equal amplitude
vectors at the East, Center, and West outputs. The phase relationship among
these vectors is -60, 0, and +60 degrees, and the phase progression is from
east to west, If a signal originates at the even-channel input, it is also
trisected, but the phase relationahip at the East, Center, and West outputs
is +60, 0, and -60 degrees; that is, the signal has the opposite sense of

phase progression.

Referring to Figure 4.7, the magic tee, the waveguide squeeze section, and
the orthogonal mode transducer comprise the spinning portion of the feed.

A signal originating at the odd-channel input would first be power split by
the magic tee and then recombined in the orthogonal mode transducer (OMT)

to produce a left-hand circularly polarized wave. This wave propagsates
across the gpinning interface through the>rotary joint and is separated into
orthogonal components by the despun OMT. The inputs to the phase converter
have equal amplitude and are orthogonal to each other. A signal originating
at the even input produces a right-hand circularly polarized wave in the
rotary joint, and would also ideally produce equal amplitude orthogonal
vectors at the inputs to the phase converter. However, the direction of
phase progression between the inputs to the phase converter is reversed,

For an ideal feed network, labeling the phase converter inputs left (L)

and right (R), the phase converter relative inputs are
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where a, and a, are the amplitudes of the odd- and even-channel signal
inputs and arbitrary phase constants are not included. The ideal phase

" converter has the following transformation matrix:

3 0.789 -0.2117 [L
c|=]0.57 0.577
Wl leo.21m o.789] IRl

where E, C, and W refer to the East, Center, and West outputs.

Narrowband directional filters are used to couple energy at the telemetry
frequency to the T&C antenna but have no effect at the transmit communica-
tion frequencies. In practice, elliptically polarized waves are generated
in the rotary joint, causing the phase converter inputs to deviate from

the ideal case and contain amplitude and phase variations that are functions
of the spacecraft spin speed. A peak-to-peak power variation of 0.4 dB at

the phase converter outputs is typical.

4.4.4,. Receive function

The receive feed network has three inputs connected to the Fast, Center,
and West horns, and one output connected to the 6 GHz repeater. These
three inputs then drive a 3 to 1 power combiner to form the composite
receive signal. As an integral part of its design, the 3 to 1 power com~
biner includes a magic tee that derives a difference signal from the East
and Center feed horn outputs. This difference signal is recombined with

the composite receive signal at the command frequency by a directional
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filter. This signal is transferred across the spinning interface by a

0.141 inch diameter coaxial cable concentric with the rotary joint. The
coaxial cable is attached to the despun section of the antenna; a noncon-
tacting choke joint is used between the coaxial outer conductor and spinning
side. The coaxial center conductor forms the probe for the waveguide-to-

coaxial transducers on the spinning and despun sides.

4.4.5, Westar/Palapa antenna description

Both antenna designs are identical to that of Telstar except for feeds.
The Westar feed is designed to provide optimum coverage of the United
States including Alaska and Hawaii. The Palapa feed design is configured
to provide optimum coverage of Indonesia, Thailand, Malaysia, Singapore,

and the Phillipines.
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4.5. Comstar I communications antenna

4.5.1. General description

4.5,1.1. Introduction

The Comstar I mission objective is to place in synchronous orbit a
24-channel, 28,800 telephone circuits, active repeater, and to continuously
operate this repeater over a 7-year life span. A layout of the Comstar I
spacecraft is shown in Fig. 4.9, The appearance of the antenna farm is
dominated by the presence of two 1.3 by 1.8 meter (50 by 70 inch) rectan-
gular aperture, shaped beam antennas. These antennas provide communica-
tions between areas of maximum service within the continental United States,
Alaska, Hawaii and Puerto Rico. The apertures of the antennas are covered
with polarization screens to ensure high linear polarization purity in both
transmitted and received RF signals. These screens are an essential ele-
ment of the communication subsystem, which employs polarization diversity

to reuse the available bandwidth for greater communications capacity.

In addition to the communications antennas, the Comstar I antenna farm
includes a telemetry and command bicone antenna at the top of the antenna
mast and two pairs of millimeter-wave antennas mounted below the communica~

tions antennas.

The frequency spectrum (Fig. 4.10) is divided into 24 channels, 12 verti-
cally polarized and 12 horizontally polarized. Each channel is 34 MHz wide
and spaced at 40 MHz intervals. The vertically polarized channels service
CONUS and Alaska; the horizontally polarized channels service CONUS, Hawaii,
and Puerto Rico. Received signals are translated in frequency by 2225 Miz
to the 6 GHz band (5925 to 6425 MHz) and retransmitted with the same polar-
ization orientation. The horizontally polarized and vertically polarized
channels are shifted in frequency 20 MHz to minimize the amount of inter-

ference between the orthogonally polarized signals.

The specified coverage and polarization plan are shown in Fig. 4.11. As
indicated by Fig. 4.10, the transmit signals from the odd horizontally

polarized channels can be switched into either the CONUS or Hawaii spot
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.beams. Similarly, the even horizontally polarized channels can transmit to
either CONUS or Puerto Rico. The even vertically polarized channels can be
transmitted in one of three ways: all power to CONUS, all power to Alaska,
or power divided between Alaska and CONUS. For receive, all the vertically
polarized channels are received from the combined Alaska and CONUS area.
Likewise, all horizontally polarized channels are received from the combined

CONUS, Hawaii, and Puerto Rico areas.

4.5.1.2. Vertically polarized antenna feed

The vertically polarized feed assembly consists of five feed horns and
separate feed networks for transmit and receive as shown in Figure 4.12. A

photograph of the vertically polarized feed assembly is shown in Fig. 4.13.

The arrangement of feed horns is shown in Fig. 4.14. Three horns are used
to form the CONUS beam and two horns are used to form the Alaska beam.
Because of the difference in horn aperture field distribution, for vertical
polarization the CONUS horn array illuminates the reflector with less effi-
ciency than if the polarization is horizontal. As a result, less gain is
achieved for the vertically polarized antenna over the specified area.
Larger traveling wave tubes are used to yield the same effective isotropic

radiated power (EIRP) for both polarizations.

Receive and transmit signals to each feed horn are separated by a diplexer,
One port of each diplexer is connected to the transmit feed network which
divides the power between the feed horns and adjusts relative phase. Power
from one end of the even-channel multiplexer manifold is fed to a phase net-
work that adjusts phase between the two Alaska horns and the three CONUS
horns. This phasing is required for combined service to emsure that over-
lapping portions of the Alaska and CONUS spot beams will combine to rein-
force signal strength. Power from the other end of the even~channel
multiplexer manifold (even mode) and from the odd-channel multiplexer mani~-
fold (odd mode) is routed to the dual mode power divider. The two combined
signals are divided into three equal parts for each of the CONUS feed horns.
These three signals are phased at 0 and +60° to provide the desired shaped

CONUS pattern.
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The receive network is simpler gince it has only one output. Signals from
each feed horn are phased and combined in the power dividers to provide the
shaped, spot beam patterns. An additional phase network and power divider
is used to form a single receive pattern which covers both Alaska and

CONUS.

4.5.1.3. Horizontally polarized antenna feed

The horizontally polarized assembly consists of six feed horns and separate
feed networks for transmit and receive as shown in Fig. 4.15. A photograph

of the horizontally polarized feed assembly is shown in Fig. 4.16.

The feed horns are arranged to form beams for CONUS, Hawaii, and Puerto
Rico. The feed horn aperture configuration is shown in Fig. 4.13. Three
horns are used for forming the CONUS beam, two horns for the Puerto Rico

beam, and one for the Hawaii beam,

The horizontally polarized transmit network functions similar tothe verti-
cally polarized transmit network. However, the offshore spot beams are not
phased to reinforce the CONUS pattern bécause combined coverage is not
required. One end of the odd-channel multiplexer is connected directly to
the Hawaii feed horn. The other end of the odd-channel multiplexer mani-
fold and one end of the even-channel multiplexer are fed to the dual mode
power divider which feeds the power independently to the three CONUS horns.
The other even-channel multiplexer output port is directed to a magic tee.
Here the power is divided equally between the two output ports. One magic
tee output waveguide run contains a phase network to adjust the phase
between the two Puerto Rico horns. This final phase adjustment is used to

optimize the Puerto Rico beam coverage.

The horizontally polarized receive feed network is used to obtain essentially
equal power from each of the spot beams. The signals from the feed horns

are first combined in pairs. The Hawaii horn is combined with the west

CONUS horn through phase networks and a magic tee which combines the sig-
nals equally. The other two CONUS horns are also combined through a magic
tee. The Puerto Rico horns are combined through a coupler and phase network.

The first two pairs of CONUS/Hawaii feed horns are next combined through a
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magic tee to provide equal power from all four horns. The Puerto Rico
horns are coupled into the CONUS/Hawaii signals through a phase network.
Couplers and magic tees are used to set the relative signal level from each

of the horns.

4.5.1.4. Polarization screens

Waves propagated by the feed horns are linearly polarized. When these
waves are reflected by the parabolic dish, cross-polarized components are
produced due to reflector surface curvature. To filter out the cross-
polarized field component and thereby enhance the polarization purity,
polarization screens are mounted in front of the reflectors. The screens
are made from parallel conductive strips which act as a waveguide beyond

cutoff for the cross-polarized components and reflect these unwanted waves.

Two polarization screens are used. They are located 40.00 inches from the
vertex of the reflector measured along the focal axis and centered about
the reflector aperture. The reflectors are 2.25 inches apart and, thus,
require that the polarization séreens be 0.25 inches apart. To prevent
bumping, rubber bumpers are provided along the length of the 0.25 inch gap.

4.5.1.5. Reflectors

The reflector surface is formed using a fine flexible mesh cloth woven from
gold plated, nickel-chromium alloy wires. This wire mesh is stretched over
a frame shown in Fig. 4.17. The mesh is constrained to the desired para-
boloidal surface, but it deviates from the paraboloidal surface in the open-
ings between frame supports. These deviations reduce antenna gain very
slightly. Like the Telstar antenna, the reflector frame is fabricated using

aluminum honeycomb and graphite fibers.

4.5.2. Design approach

The primary goal of the communications antenna design is to effectively
reuse the frequency bands through polarization diversity. Hence, it

requires the development of a dual, orthogonal, linearly polarized antenna
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'system capable of deliverihg sufficient uplink and downlink performance
(24.5 dB edge of coverage gain and 33.0 dBw EIRP, respectively), while
achieving sufficient cross-polarized isolation (233 dB) between the two

orthogonally polarized antennas over the coverage area.

To implement>such a system,'a design consisting of two offset parabolic
reflectors, each fed with a multihorn array, was adopted. Each antenna
will radiate 12 downlink channels over the same 3.7 to 4.2 GHz band and
will use the Hughes developed dual-mode concept to feed the CONUS feed
horn array. This design in conjunction with the orthogonally polarized

screens provides efficient beam shaping and cross-polarization.

4.5.2.1. Two-reflector/three-reflector tradeoffs

Early analysis indicated that the horizontally polarized antenna provides
higher gain over a coverage area (such as CONUS) than the vertically polar-
ized antenna because of more efficient illumination of the reflector in the
azimuthal plane by the horizontally polarized feed horns. Typically, the
horizontally polarized antenna CONUS coverage gain is 0.5 dB better than
the vertical antenna. To 1lmprove the vertically polarized coverage, a
three antenna concept (A, B, C) shown in Fig. 4.18 was considered.

Antenna A is a horizontally polarized offset reflector paraboloid.

Antenna B is a vertically polarized offset reflector antenna with only 6
downlink channels, e.g., odd channels. This removes the dual-mode con-
straints and enables arbitrary power division and phase distribution for
the CONUS feed array. This antenna design also provides the receive func-
tions for all uplink signals. Antenna C is another vertically polarized
parabolic reflector to transmit the remaining 6 downlink channels. Again,
arbitrary power division and phase distribution are allowed for optimizing

the downlink coverage.

As expected, the three-reflector concept allowed more efficient shaping
over the CONUS coverage area (+32.8 dBw worst case). However, due to con-
siderations which are discussed later, the Alaska downlink and T-mode
coverage gain are less than for the two-reflector case (30.0 dBw T-mode,

31.5 dBw — Alaska worst cases). The third antenna also adds to satellite
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complexity, increases its weight, and increases solar torque effects. A

summarized evaluation of the relative mertis between the two approaches is

presented in Table 4.1. Based on the tradeoff results, the two-reflector

approach was adopted.

4.5.2.2. Vertically polarized antenna design

Early design investigations showed that the vertically polarized antenna
would yield better Alaska downlink and T-mode coverage than the horizon-
tally polarized. To illuminate the entire Alaska coverage area with

+33 dBw (EIRP), two feed horns are required. As shown in Fig. 4.19 if a
small reflector (53 by 53 inch aperture} is used, beam 4 would point to
far north. Lowering beam 4 would force the West CONUS horn to another
position and degrade the west coast CONUS coverage. However, the problem

was then solved by considering the following:

1.

Increasing reflector area would minimally increase the CONUS

performance.

By maintaining an F/D = 0.25, the far-field to near-field angle
ratio (R/a) remains constant. The subtended angle of the reflector
in the elevation angle also remains unchanged. To achieve similar
reflector edge illumination, the height of the horns (E-plane
dimension) remains fixed. Hence, the relative positions of horns

3 and 4 will also remain fixed.

Increasing the focal length while keeping F/D the same decreases
the near-field angle which is inversely proportional to the focal
length. Since the ratio of F/D remains fixed, the far-field angle
of beam 4 must also decrease. Therefore, this drops beam 4 into a
position of more efficient Alaska illumination. The result is a
50-inch wide (dictated by shroud dynamic envelope) by 70-inch high

rectangular aperture reflector with a 35-inch focal length.
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4.5.2.3. Horizontally polarized antenna

To maintain satellite symmetry, the same reflector geometry for the hori~-
zontally polarized antenna was chosen as that of the vertically polarized
antenna. The positions and sizes of the CONUS horns were optimized for the
transmit band because of the tight coverage contours to the specified area.
The positions and sizes of the Puerto Rico and Hawaii horns were optimized
for the receive band because of the tight receive contours compared to the

ample margin transmit coverage contours.

For improved CONUS coverage, a large H~plane dimension of the CONUS horns
is required; however, a 5.5 inch H-plane dimension is the maximum before
one of the Puerto Rico horns is moved excessively and its beam no longer
covers the specified area. All three CONUS horns are identical in size to
allow phase tracking over both the transmit and receive bands. Similarly
the two Puerto Rico horns are identical for good phase tracking especially

at the receive frequencies.

4.5.3. Polarization screen design

4.5.3.1. Analysis

For the optimum design of the polarizing screems, the problem of electro-
magnetic scattering by an infinite grating of conducting strips (shown in
Fig. 4.20) was analyzed and solved numerically. To simplify the evaluation
of design parameters, the two principal planes are considered for numerical
calculations. Thus, the plane of incidence is either perpendicular or
parallel to the strip surface. The incident plane wave is defined to be
principally polarized, or cross-polarized, depending on whether its electri-
cal field is perpendicular, or parallel, to the edges of strips respectively.
For each polarization, the transmissivity of the strip grating has been

evaluated for various strip widths and spacings.

The variations of transmissivities as a function of frequency are illustra-
ted for a 1.0 inch strip width and 0.5 inch strip spacing. It is noted
that the cross-polarization isolation improves at lower frequencies with

- insignificant changes in the transmission of the principal golarization.
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For this reason the upper end of the receive frequency band was selected to

illustrate the breadboard polarizer screen design.

There is no unique design unless justifications from different standpoints
are made. From the electrical design standpoint, it was believed that if
an infinite grating can provide theoretical cross-polarization isolation of
the order of 45 and 50 dB, acceptable isolations should be obtainable from
a strip grating of finite size in all planes of incidence. Based upon a
value of 47.5 dB as a design criteria, the following strip grating designs

were obtained.

Design 1, in. Design 2, in. Design 3, in.
Spacing 0.4 0.5 0.5

Design 3 required a strip width of 1,375 inches which would make the pola-
rizer screen exceed the shroud dynamic envelope and was, therefore, elimi-
’nated. Design 2 was selected over design 1 primarily for mechanical
reasons. The one-inch width would provide greater frame stiffness and
strength compared to a smaller frame in cross section for a 0.72 inch width
design. To obtain the same stiffness for the latter, the frame weight is

expected to increase.

4.5.3.2. Mechanical design

Three basic design concepts were considered for the strip polarization
screen. These concepts were the stretched membrane, ice cube tray, and
foam spacer. The stretched membrane approach has the advantage of least
weight, solar torque, and RF insertion loss for the three concepts studied.
The ice cube tray approach, although as light as the stretched membrane
approach and with least solar torque, would be more difficult to fabricate.
The foam spacer approach has the advantage of prior breadboard development
on a Hughes-funded research project, but it would result in heavier weight
(110 versus 3.5 pounds for stretched membrane approach). It has a solid
profile causing solar torque and thermal shadowing, and a problem of out-

gassing and decomposition of the low density (1 1b/ft3) foam required for

minimal weight.
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For the stretched membrane approach, both metal foil and plastic film were
considered. Metal was disregarded because of its greater weight and its
larger thermal and launch stresses predicted due to its high modulus and
poor damping characteristics. Plastic with its low expansion coefficient
and low modulus is preferable, since thermal stresses are proportional to
thermal expansion coefficient and to modulus of elasticity. Furthermore,

the materfal chosen must be space approved.

The first material studied was mylar with a modulus of 550,000 psi and an
expansion coefficient of 11.10-6 in/in/oF. However, it degrades under

ultraviolet radiation; therefore, Kapton, which is treated for ultraviolet
radiation, was chosen for study. It has the same expansion coefficient as

mylar excépt that its modulus of elasticity is lower at 430,000 psi.

To act as an RF polarizing séreen, the Kapton must be metallized. There
are several ways that Kapton/can be aluminized. If it is aluminized on
both outside surfaces, the tape temperature becomes too high. If it is
aluminized on one side only, it is cooler. If it can be aluminized on the
inner surface (sandwich design) where both outside surfaces are Kapton, the
tape temperature is the lowest during sun illumination. The lower the
strip temperatures, the least preioad on the frame is required to keep the

tapes in tension. Thus, the sandwich or laminate design is preferred.

Because Kapton has low tear strength, it was decided that the use of
another supporting material in conjunction with Kapton might reduce the
risk of tear due to handling during manufacture, assembly, and test opera-
tions. Fiberglass threads running lengthwise are sandwiched between two
0.0005 inch layers of aluminized Kapton. Each layer of Kapton has a layer
of 3000 ; of vapor deposited aluminum to reduce any temperature gradient
across the width due to different gsolar inputs across the width. The

aluminum is on the inside to provide the lowest possible temperature.

Each Kapton strip is held in tension by a spring mechanism at one end of
the tape while the opposite end is tied to the frame. Fiberglass string
running crosswise to the tapes cross-tie the tapes and make the array of

strips react to vibration and thermal loading in a predictable manner.
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4.5.4. Measured antenna performance

4.5.4.1. Coverage contours

The CONUS downlink gain contours were measured at three frequencies for
both even and odd modes. The innermost of these six contours is shown in
Fig. 4.21. Puerto Rico and Hawaii downlink gain contours wefe each mea-
sured at two frequencies, and the innermost contours are given in Fig. 4.22
and Fig. 4.23, respectively. The innermost of the horizontally polarized
uplink contours measured at three frequencies is shown in Fig. 4.24.

For the vertically polarized antenna the innermost 26.5 dB contour for
COEUS transmit measured at gix frequencies is shown in Fig. 4.25. The
innermost of 26.5 dB contour for Alaska transmit measured at two frequen~
cles is shown in Fig. 4.26. The innermost 24.5 dB contour for T-mode mea-
sured at two frequencies is shown in Fig. 4.27. The innermost 24.5 dB
contour for receive measured at three frequencies is shown in Fig. 4.28.

4.5.4.2. Carrier-to-interference

The carrier—-to-interference ratio (C/I) is specified at 33 dB across the
transmit and receive band anywhere within the coverage areas. TFor example,
the transmitted cross-polarized signals of the vertically polarized antenna
act as an interfering signal to the transmitting horizontally polarized
antenna., The level of the cross-polarized signal of the vertically polari-
zed antenna must be 33 dB below the principally polarized signal of the
horizontally polarized antenna., The C/I ratios were measured by sweeping
the frequency and measuring the principally polarized response of one
antenna and the cross-polarized response of the other antenna. A sample
swept frequency response is shown in Fig. 4.29. Measured in-orbit data
showed that the 33 dB C/1 specification is met everywhere within the CONUS.
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Fig. 4.13. Vertically Polarised Feed Assembly
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Fig. 4.16. E?érizoni:aliy Polarized Antenna Feed Assembly :
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Table 4.1. Swmmary of Two-Reflector/Three~Reflector Tradeoff

Two~Reflector Design*

Three~Reflector Design*

CONUS (4 GHz)
Offshore

(4 GHz)
T-Mode

(4 GHz)
Uplink

Isolation

Complexity

Costs

+32.4 dBw worst case
+33.0 dBw Alaska,
Puerto Rico, Hawaii

+31.0 dBw worst case

+24.5 dB worst case

-33 dB attainable

Two antennas

+32.8 dBw worst case
+31.5 dBw Alaska, plus
33.0 dBw Puerto Rico,
Hawaii, worst cases

+30.0 dBw worst case

+24.5 dB worst case

Much more critical due
to alignment

Three antennas

More expensive, more
weight

*
All gain values

are theoretical.
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4.6. Satellite Business Systems (SBS) communications antenna

4.6.1. General description

The Satellite Business Systems (SBS) communications satellite was designed
to provide ten communications channels operating in the 14/12 GHz frequency
band. Each channel is capable of accommodating digital data or voice in
the time division multiple access (TDMA) mode, analog or digital signals in
the frequency division multiple access (FDMA) mode, or frequency modulation
(FM) monochrome or color television signals.

The SBS communications antenna has an unique design feature that utilizes
an offset shared-aperture dual grid reflector., This linearly polarized
reflector design consists of two orthogonally polarized offset grid reflec-
tors, one behind the other, sharing the same aperture area with a projec~
tion 72 inches in diameter. The front grid reflector is horizontally
’polarized and is transparent to the vertically polarized signals, which are
reflected by the rear grid reflector. Polarization selection for each
reflector is accomplished by bonding conductive grids to a Kevlar honeycomb
laminated paraboloidal shell. Thermal distortion of the reflector assembly
- is minimized by an aluminized Kapton sunshield covering the reflector aper-
ture. Vacuum deposited aluminum (VDA) is applied to the rear (reflector
facing) side of the sunshield and is etched to form a grid of squares which
allows virtually loss-free RF transmission. The outer (feed facing) side
of the sunshield is coated with a single layer of germanium to reduce opti-
cal transmittance and maintain low temperature gradients across the reflec~

tor structure.

Each grid reflector is fed by a multihorn feed. The feed for the vertically
polarized rear reflector is for receive only and contains a four-horn sub-
array arranged in a conventional monopulse circuit to provide RF tracking.
It is capable of maintaining beam pointing errors within £0.05°. When the
spacecraft is in the transfer orbit, the reflector assembly is deployed by
the antenna positioner mechanism (APM), a redundant stepper-motor~driven
differential gear assembly. During this deployment, the T&C anténna orien~
tation is maintained nearly parallel to the spacecraft spin axis by a link-

age system.
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4.6.2. Antenna désigg

The antenna consists of two essentially independent offset grid reflectors,
one horizontally polarized (transmit) and one vertically polarized
(receive), each i{lluminated by a multihorn feed. Independent feed designs
allow optimal performance of both the transmit beam and the receive beanm,

The focal lengths (60 inches) and the projected aperture diameters (72

inches) of the two grid reflectors are identical; however, the base of the
vertical grid reflector is offset 5.5 inches from the horizontal reflector

to separate the focal point. This offset allows the positioning of each feed
assembly at its respective focus without physical interference with the other,

4.6.2.1. Reflector grid design

A grid reflector reflects wa&es that are polarized parallel to its conduct-
ing grid and is nearly transparent to the waves polarized orthogonal to the
grids. The electrical design of the grid reflector is based on plane wave
scattering properties from an infinite array of parallel conducting strips.
The geometry is described by conductors of width, W, thickness, T, and spac~
ing, S8, over a thin dielectric sheet of thickness, t, and dielectric con-
stant, E, as shown in Fig. 4.30.

The grid chosen has the following geometry: W = 0.015 inch, T = 0.015 inch,
SV= 0.03 inch, and t = 0.0015 inch (the Kapton thickness), The conducting
grid is formed by photoetching copper~clad Kapton. Computed transmission
and reflection characteristics of this grid design, where the plane of
incidence is parallel and perpendicular to the strips, are shown in‘

Table 4.2, The predicted insertion loss for the waves perpendicular to the
grid is less than 0.1 dB and the reflection coefficient of waves ﬁarallel

to the grid is almost unity; both were verified by measurements.

4.6.2.2. Transmit feed design

The required antenna coverage is divided into six regions which are shown in

Fig. 4.31. The gain specifications are given in Table 4.3 for each
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region plus the cities of San Francisco and Los Angeles. Note that CONUS
beam must be contoured to the CONUS shape and also weighted (shaped) to
provide higher gain over the eastern third of CONUS. This higher gain is
achieved with an array of eight horns (Fig. 4.32), fed by a dual-mode power
distribution network which has the property of dividing the power equally or
unequally to three horns from two isolated input ports. A schematic of the
feed network is shown in Fig. 4.33, and a calculated gain contour plot is

shown in Fig. 4.34.

4.6.2.3. BReceive feed design

For receive region 1 is required to have 4.5 dB more gain than the major
CONUS coverage region (region III). Beam contouring and shaping are

met with én array of thirteen horns (Fig. 4.35). Six of these hdrna are
designed to produce a taﬁered aperture illumination in the E—piane and a
quasi-uniform illumination in the H-plane. This design is achieved by the
use of corrugated walls in the H-plane and partial dielectric loading on the
walls in the E-plane. The remaining seven horns are conventional pyramidal
horns. Four of the horns are connected to a conventional monopulse track?
ing network for beacon tracking. A schematic of this network is shown in
Fig. 4.36, and a calculated gain contour plot is shown in Fig. 4.37.



Table 4.2.
Refleotion Characteristics of Grid Design

Plane of Incidence Perpendicular to Strip Conductors

Parallel Polarization:
Perpendicular Polarization:
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Computer and Measured Transmission and

Electric Field Parallel to Strips
Electric Field Perpendicular to Strips

Parallel Polarization Reflec~ Perpendicular Polarization
tion Coefficient (Magnitude) Transmission Loss, dB
, ' Computed Measured Computed Measured
Frequency, p 5 o
GHz 5 = 0°/6 = 30° 6 = 0% 6 =30%06=0°6=23006=00=30
11.7 to 12.2]0.99995/0.99996 =1.0 | — 0.04 0.02 | <0.1 —_
14.0 to 14.5/0.99993/0.99994 =1.0 | -— 0.04 0.03 | <0.1 -
F4
A
/
INCIDENT /
PLANE WAVE

|

\/

W=WIDTH

T = THICKNESS
S = SPACING

t = DIELECTRIC THICKNESS

Reflective Grids Electrical Design Model

Fig. 4.30.

DIELECTRIC SHEET
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Table 4.3, SBS Antenmna Transmit and Receive Gain Specifications

Region Specified Transmit Gain Specified Receive Gain
I 33.7 33.5
II 31.7 31.5
111 ; 30.0 29.0
v 27.ﬁ 26.0
v 28.0 27.0
V1 29.0 26.0
San Francisco 32,0 32.0
Los Angeles 1.2 31,2

i

é;r\\\\\‘\~ v = “
S > o
i

7
@

LA ‘\\~\_ /
:7*3#‘
- ‘\\)

-4 -3 -2 -1 0 1 2 3
AZIMUTH, DEGREES

Y

((/ﬁ |

-2

Fig. 4.31. SBS Antenna Coverage Map - Composite of 1000,
110°, 12¢°, and 130° W Longitude
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EAST HORN +

F 3
2 - WEST HORN

3
. 6
8.
*y
I
1
E-PLANE H-PLANE HORN LOCATION
HORN | LEIGHT, in. | HEIGHT, in.
- X Yo
1 0.78 283 0813 332
2 0.78 283 2.036 332
3 0.78 5.20 0.231 252
4 0.78 5.20 -0.280 1.72
5 0.78 5.20 -0.280 0.92
6 1.10 5.80 -0.300 004
7 2.22 5.80 -0.231 -1.72
8 2.00 5.80 -0.500 -3.86
Fig. 4.32, Transmit Feed Horn Array

Configuration
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HORN ODD MODE EVEN MODE
POWER PHASE POWER PHASE
1 0.060 -45.3° 0.069 48.6°
2 0.010 -45.3° 0.011 48.8°
3 0.132 -44.8° 0.127 438°
4 0.132 -44.8° 0.127 43.8°
5 0.140 -20.0° 0.139 20.0°
6 0.131 20.0° 0.134 -20.0°
7 0.195 58.5° 0.192 -83.2°
8 0.206 61.59 0.203 -60.3°

1, .2 3, .4 ] 6 7 8
\( N Y \(
H H

BIASED DUEL MODE

BIASED DUAL MODE

2.3 CONVERTER 2-3 CONVERTER
r—_
H H
H-HYBRID
COUPLER
EVEN MODE 0ODD MODE

Fig. 4.33.

Transmit Feed Network
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ELEVATION, DEGREES
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Fig., 4.34. Computed Transmit Antenna Gain Contours at 11.95 GHz
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+X
1
L 3 s
5¢ [ ¥+ 9
12¢ 13C
3C 4c
7 10
Y b
2¢ t -
} IT
8 11
i
TRACKING
HORNS
WIDTH HEIGHT HORN LOCATION
HORN | H-PLANE# | E-PLANE¥,
Cin, in. X Y
1 0.82 2.19 1.918 3.168
2¢ 0.82 2968 -0.681 3.168
3¢ 1025 5.340 0.064 2.226
4C 1.025 5,340 -0.344 1.181
§C 1.025 5810 -0.204 0.136
6 1.135 1.360 1.205 -0.965
7 1.135 1.460 -0.135 -0.965
8 1.135 1460 | -1.816 -0.965
9 1135 - 1.045 1.138 -2.120
10 1.135 1.460 -0.135 -2.120
1 1.135 1.460 -1.615 -2.120
12¢ 1.135 6.223 -0.268 -3.275
13C 1.135 6.223 -0.548 -4.430

C — CORRUGATED FEED
* INCLUDES CORRUGATION WHERE APPLICABLE

Fig. 4.35. Receive Feed Horn Array Configuration
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~4.7. Intelsat IVA communications antenna

4.7.1. General description

4.7.1.1. Introduction

The Intelsat IVA spacecraft is the second generation of the Intelsat IV
series of communication satellites. Increased channel capacity,is achieved
by reuse of the 500 MHz frequency spectrum by means of antenna beam shaping
and spatial isolation. The communications antenna subsystem consists of
two offset reflector antennas for transmit and one offset reflector antenna
for receive, all supported by a tubular mast. A sketch of the antenna farm
is shown in Fig. 4.38. The feed horn arrays and the earth coverage‘horns
are cantilevered frbm'thé mast with the T&C antenna mounted at the top of

the mast.

The frequency and polarization plan of Intelsat IVA is shown in Fig. 4.39.
As indicated, the frequency band is divided into 12 channels, each 36 MHz
wide and spaced at 40 MHz intervals. Channels 6, 8, 10, and 12 are used
for earth coverage, while the other eight channels are available for fre-
quency reuse resulting in an effective 20-channel capability. The shaped-~

beam coverage requirements are shown in Fig. 4.40, indicating coverage of

the Intelsat stations for both the Atlantic and Pacific basins. The -

receive antenna provides coverage over each hemispheric area with a single
beam, while the two transmit antennas provide coverage over each hemispheric
area with two beams, one for the northern and one for the southern coverage.

4.7.1.2. Transmit antenna

The transmit antenna consists of two identical offset parabolic reflectors,
.each fed by an array of circularly polarized feed horns. ‘0netantenna ser—
vicing all the odd-channel tranéponders provides full coverage in the
eastern and western regions‘with both quadrant and hemispheric (T-mode)
modes qf\operation. The second antenna servicing the four even-channel
transponders provides only quadrant coverage for the northern portion of

the eastern and western areas.
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The feed array for the odd-channel antenna consists of 37 square horns with
built~in septum polarizers, fed by a transverse electromagnetic {(TEM) trans-
verse squarax transmission line power division network. The physical
arrangement of the feed horns in the aperture plane and the associated TEM
networks are shown in Fig., 4.41. Two of the West horns are on or off
switchable to accommodate differences between Pacific and Atlantic coverage
requirements. The North and South feed clusters have separate input termi-
nals for quadrant and hemispheric coverages. Since the even~channel
antenna is not required to provide hemispheric coverages, it has only 19
feed horns, nine for the Northeast beam and ten for providing the Northwest

beam.

The feed network is constructed using tﬁe squarax transmission line technol~
0ogy because of its packing efficiénéy. The TEM squarax transmission line
consists of a 0.50 square inch outer conductor with a 0.20-square inch cen~
ter conductor. At the input port of the feed network, a waveguide-to-
squarax adapter is used for transition from the one-half height WR-229 wave-
guide to the square coaxial line. At the output port of each horn, signal
transmission from the TEM squarax mode to the TE.  mode in the WR-229 wave-

10
guide is accomplished with a transition.

4.7.1.3. Receive antenna

The shaped beam receive antenna consists of an offset parabolic reflector
fed by a 17-horn array. This antenna forms two beams covering the eastern
and western areas with an east-to-west beam isolation of 27 dB. The
arrangement of the receive feed array horns, along with the power summing

network, is shown in Fig. 4.42.

The design of the receive power summing network is similar to the transmit
antenna:  directional couplers provide the correct amplitude distribution
and the transmission line length provides the correct phase distribution.
Switches designed in squarax line are used to accommodate differences
between Atlantic and Pacific basin coverage requirements. For the Atlantic
region, the complete eastern beam is activated, while the western beam has
two horns deactivated. For the Pacific region, the southern portion of the
eastern beam is deactivated, while two additional horans are agtivated in the

western beam to provide New Zealand and Fiji coverage.
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4.7.1.4. Reflectors

All three offset parabolic reflectors are constructed using a woven metal
mesh attached to an open web frame. The transmit reflector is offset

12 inches from the focal axis and has a 50 -inch focal length and a 53 by
53 inch square projected area. The reflector is further trimmed with
17-inch radial rounded corners and the sides are sloped in by 3.7 inches
at the base for the payload shroud clearance. The receive reflector is
offset -8 inches from the focal axis and has a 33.33-inch focal length and
a 35 by 35 inch square projected aperture with 9.5-inch radial rounded

corners.

4.7.2. Antenna design trades

4.7.2.1. Low-sidelobe pattern synthesis

Low sidelobe shaped-beam patterns can be synthesized by cancellation of
sidelobes of individual feed horms. To illustrate this, consider three
feed horns that are horizontally arrayed about the focal point. As shown
in Fig. 4.43(a) if the relative beam displacement is equal to the ﬁomiﬁal
sidelobe width, the sidelobes of the two outer beams are in phase with
each ether, but are 180o out of phase with sidelobes of the center beam.
This yields a low sidelobe beam, shown in Fig. 4.43(b), if the ocuter beams

are properly weighed in amplitude relative to the center beam.

The success of this sidelobe suppression technique depends on three fac-
tors. First, the cancellation concept is based on the assumption that the
component pattern sidelobes are uniformly spaced and are approximately
equal in width. This is true for a wide variety of aperture distributionms,
and no severe restrictions are imposed on the design concept. Second,
effecti§e sidelobe cancellation depends upon achieving the appropriate com~
ponent beam shifts. A relatively straightforward analysis indicates that
the proﬁer pattern shifts can be obtained when the outer horns of the three

feed array are displaced from the focal point by the amount given by

g =+ A 2+ (D/2f)?
"4 (d/2f)
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Alternatively, the beam deviation factor can be measured experimentally,
and the results can be used to specify the feed displacement. From this

relationship, the horn size is determined.

The third factor affecting sidelobe cancellation is the selection of rela-
tive power for each of the three feedhorns. To get feed sidelobe cancella-
tion, nominally, the relative power of the center horn should be about 6 dB
greater than that of the two outer horns. In practice, the relative power
usually differs from this value, and further improvement in sidelobe sup-
pression is achieved by adjusting the relative phase of each feed horn,

For the design of Intelsat IVA antennas, an optimization algorithm based on
the steepest descent search technique was developed. This algorithm opti-
mizes the amplitude and phase excitations of the feed horns to simultaneously
achieve the desired beam shape and gain over a specified coverage area and

sidelobe level over another specified coverage area.

4.7.2.2. Effects of aperture blockage

Aperture blockage by the feed assembly can be avoided by further offsetting
of the reflector with the bottom edge of the reflector raised above the
focal axis. The reflectors used for the Intelsat IVA transmit and receive

antenna have their bottom edge 12 and 8 inches above the focal axis,

respectively.

4.7.2.3. Reflector geometry/dual-mode tradeoff

Early in the design phase, the reflector geometry under consideration was a
53 inch diameter, 37.5-inch focal length, offset paraboloid projecting a
circular aperture having a 7-inch offset from the focal axis. For dual-
mode operatibn (even and off channels on same reflector), this reflector
_gave excessive mode shift so that the desired coverages (Fig. 4.40) could
not be achieved with the innermost contours of both modes. The focal
length was then increased to 50 inches, the maximum allowable. The resul-
tant mode shift decreased slightly. If the reflector boresight is moved

to the cenﬁer of the North beam, the modal shift for that beam becomes

less; however, the shift for the South beam increases. Consequently, the

dual-mode consideration was dropped.



- 4059 -

In the dual-reflector antenna approach, the even and odd channels are
handled by separate reflectors. This approach allows greater flexibility
for adjusting horn amplitude and phase for beam shaping and sidelobe con-
trol. As a resultlboch the beam shapes and coverage gain specifications
were met. However, sidelobes in the diagonal planes were too high, in
particular, the sidelobes of the Southwest beam for Atlantic coverage over
the Northeast region. For this reason, the reflector shape was changed,
ailowing the offset paraboloid to project a rounded square aperture, since
the sidelobes from a square aperture in the diagonal planes are lower than

that of a circular aperture.

4.7.3. Antenna performance

4.7.3.1. Transmit antenna performance

The feed system for the antenna servicing the odd-channel repeaters con-
sists of 19 horns for the east coverage and 18 horns for the west coverage.
Two of the west horns are switchable to discriminate between Pacific and

Atlantic coverage requirements.

East coverage

The Northeast (NE) spot beam,plus Canary Islands and Senegal coverage,is
obtained with a feed consisting of nine 2.80-inch square aperture horns
(Fig. 4.41). The predicted coverage gain and sidelobe contours are shown
in Fig.4.44(a).

The Southeast (SE) spot beam, plus Ascension Island coverage (-7 dB below
primary), is formed with ten 3.20~inch square aperture horns. The predicted

coverage and sidelobe contours are shown in Fig. 4.44(b).

The hemispheric, or T-mode coverage, gain requirement is 3 dB less than
that of spot beam coverage; the C/I specifications are identical. The
optimum eastern T-mode coverage is obtained by having the T-switch network
in the repeater system divide the power equally between the Northeast and

the Southeast feed clusters.
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West coverage

The western coverage has two modes of operation, namely, the Atlantic
(basin) mode and- the Pacific (basin) mode. To distinguish the two, the
nomenclature Region/Pac and Region/Atl are used. The western primary
coverage, plus the offshore coverage regioﬁs of New Zealand, Fiji and
Indonesia, is achieved with a feed cluster of 18 horns. Two of these
horns, switch activated to achieve coverage for New Zealand and Fliji, are

used solelybfor PacificAoperation.

The Northwest spot beam is formed with ten 3.20-inch square aperture horns.
The predicted coverage gain and sidelobe contours are shown in Fig. 4.45(a).
The Southwest spot beam is formed with six horns for the Atlantic mode and
with eight horns for Pacific operation. All horns have 3.2-inch square
apertures. Excitation of the two horns for New Zealand and Fiji (NZ/F) for
SW/Pac is provided by a switchable TEM squarax hybrid coupler. The switch/
coupler passes all the power in the Southwest transmission line to the six
horn cluster when the switch is off and diverts 16.8 percent of the input
power to the NZ/F horns when activated. The predicted spot beam gain and
sidelobe contours are shown in Fig. 4.45(b) for SW/Atl and Fig. 4.45(c) for
SW/Pac.

4.7.3.2. Receive antenna performance

The receive antenna feed consists of 17 horns for the east coverage and 17
horns for the west coverage. Two of the west horns are switchable to dis-
criminate between Pacific and Atlantic coverage requirements. A switched
coupler is located in the West TEM feed network to provide this capability.
An optidn is available for a switch/coupler in the East network to suppress
the signal from the southern portion of the East beam for Pacific operation
if sidelobes into the New Zealand region from the East beam become

excegsive.



- 4&61 -

4.7.3.3. Measured results

Measured antenna pattern results for all the beams and C/I combinations are
too numerous to include herey therefore, only a limited number of measured

results are presented.

Measured transmit antenna gain contours of the principal downlink beams are
shown in Fig. «’4.&6. ‘Measured receive antenna contours are very close to the
predicted values shown earlier and are not included. Typical C/I contours
are shown in Fig. 4.47. The specified contours shown are for the cases
where the carrier is the beam over theAébverage area and the interference

is caused by beams covering the opposite hemisphere. For examplé. the
interference to the Northwest beam comes from the Northeast beam shown in
Fig. 4.47(a) and from the Southeast beam shown in Fig. 4.47(b).

Reference

1. Han, C.C., et all., "Satellite communications: advanced technolo-
gies," 6th ATAA Communications Satellite Systems Conference,
- Momtreal, 1976.
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Measured Intelsat IVA Transmit Antenna Gain Contours
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Errata Chapter 5

Page 5.14  Add to caption Fig. I: Main and subreflector grids.

Page 5.15 See Fig. ! should read Fig. 5

Page 5.18 See Fig. 2 should read Fig. 6

Page 5.22 Fig. 2.1 should be Fig. 5
Fig. 2.2 should be Fig. 6

Page 5.23 Fig. 2 = Launching grid in main reflector and subreflector.
Fig. 1 should be Fig. 4: Geometry for calculation for

edge-diffracted feed.

Introduce new figure: Fig. 3: Geometry for edge of subreflector.



5.1

1. Computation of Induced Surface Current on Main Reflector

The computatioﬁ of the radiation pattern of a dual offset ghaped reflector
antenna often requires the evaluation of the induced surface current on the
main reflector. This induced current can be obtained readily by physical
optics approximation if the magnetic field reflected from the suBreflector is
evaluated on the main reflector. The conventional ray~tracing approach to
this problem is to search on the subreflector for the reflection point cor-
responding to a given field point on the main reflector and then evaluate the
reflected field from this reflection point. Such a random search can be '
time-consuming. Since the induced current over the entire main reflector is
to be cﬁmputéd,,the searching scheme c#n be carried out.in a more systematic
manner by incorporating a scaﬁning procedure which gives a very accurate
initial gueés to start the seétching for the true location of a‘reflection
point. To improve the accuracy of the radiation pattern computation the
contributions of the diffractéd rays from the rim of the subreflector are
superimposed on the reflected rays from the surface of the subreflector.

In the following sections, the computations of the reflected field and the

diffracted field are discussed separately in detail.

1.1. Computation of Reflected Field

In this method, the subreflector is defined by specifying the
surface coordinates and the surfa;e normal at the nodes of a rectangular
grid shown in Figure 1. The grid can be viewed as being composed of small
rectangular patches each of which has féur corners marked by numerals 1, 2,
3, and 4 in Figure 1. If the grid is defined in the x-y plane as in Figure
l; then the z-coordinate at each of the four corners of the patch defines

a point on the subreflector. A total of four points is defined in such a
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manner in Figure 2, where four rays are launched from the feed toward these
four points, i.e., Ql, Q2, Q3, and Q4 on the subreflector. As mentioned
earlier, the surface normal at each of these four points is also given,
therefore, these four rays aré reflected toward the main reflector in the
usual manner and they intersect the main reflector at four points as shown
in Figure 2. However, the point F where the reflected field is to be |
evaluated is not necessarily one of these four intersections. The problem
is then to find a reflection point R as shown in Figure 2 to be associated
with F, which is shown being captured by the reflected four~ray bundle.

The technique for determining whether a field point is captured by a ray-
bundle or not is discussed in the following section. Meanwhile, if we have
the situation i