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I SUMMARY 

The objectives of this work was to study the performance of both 

symmetric and offset reflectors with aperture blockage and recommend 

possible methods for sidelobe reduction. The statement of the contract 

work, required the performance study within 500 MHz band for reflector 

of 0.6 m to 1.8 m aperture diameters. Our study indicates that the 

variation of the patterns within the band is small and the provided data 

give an adequate understanding of the problem. Furthermore, the 

generation of data for requested range means an excessive computation, 

which would not provided additional information. Thus, we have provided 

representative data to indicate the performance of both reflectors 

adequately. 

Initially, mathematical models are established, that enables us to 

compute the radiation patterns of both symmetric and offset reflectors. 

The blockage effects are also modelled by selecting circular strut 

cross-sections. Computed patterns are then provided for both CRC feed 

and cosme feed patterns. For CRC feed both plane wave and spherical 

shadowing are considered and the performance of the symmetric reflector 

is studied. It is shown that the effect of the blockage is most severe 

for a tapered illumination and the sidelobe levels of a symmetric 

reflector is generally high due to central and strut blockage. However, 

by selecting small strut diameters sidelobe levels of in order of 

-30 dB can be obtained. 

Various possible methods for reducing the sidelobes of a symmetric 

reflector are then studied. One method which promises good performance 



is recommended. It involves loading the reflector surface by narrow 

strips of appropriate thickness, just under each strut. The physical 

optics current were used to calculate the performance of the loaded 

reflectors. It is shown that, within this modelling accuracy, the 

reflector gain can be increased and the sidelobe levels can be reduced 

even below those of the unblocked reflector. It was then recommended 

that this method be verified by experiment. 

The offset reflector is also studied. It is shown that its 

cross-polar and sidelobe levels can be reduced by proper selection of 

the reflector parameters and the feed taper. Since this geometry does 

not suffer from feed and the strut blockage, it can be designed to have 

a super-sidelobe level patterns and a good cross-polar performance. 

The performance of both reflectors with a circularly polarized feed 

is also studied. In general, this performance for the co-polar 

radiation is the same for both linear and the circular polarization. 

However, the cross-polar radiation due to a circularly symmetric feed is 

higher for the symmetric reflector. The offset reflector does not 

produce a cross-polar radiation, but squints the beam. For the selected 

reflector parameters the beam squint is shown to be negligible. 
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II INTRODUCTION 

For small earth-station antennas, the front-fed paraboloid is a 

distinctly economic choice. This system consists of a paraboloidal 

reflector with a feed system located at its focal point. The most 

common system is the symmetric paraboloid, which is normally selected 

due to the ease of fabrication of the reflector and low cross 

polarization of the radiated field. In this configuration, however, the 

feed must be supported by struts, which cause shadowing effect on the 

reflector. In an alternative system the reflector consists of an offset 

paraboloid. While its fabrication is, normally, more difficult than a 

symmetric one, its feed can be supported by struts away from the 

reflector aperture and consequently does not suffer from the blockage 

effects. 

Neglecting the blockage effects, the performance of front-fed 

symmetric paraboloids depends entirely on the feed system. The feed 

performance, therefore, dictates the performance of the antenna system 

with a symmetric paraboloid. With an offset system, however, the 

reflector parameters, such as its offset angle and f/D affect the 

antenna gain and its cross-polar radiation. In general, the performance 

of an aperture antenna depends on the aperture field distribution. In 

the case of a symmetric paraboloid this aperture distribution is 

determined by the radiation field of the feed, but for an offset 

reflector the asymmetry of the reflector also affects the aperture 

field. With a symmetric feed radiation pattern, the aperture field of 

an offset reflector is therefore asymmetrical and results in an inherent 
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cross-polar radiation level. To compensate for this reflector effect 

the primary feed radiation pattern must therefore be asymmetric. 

In this report we intend to study the performance of both symmetric 

and offset front-fed reflectors. The case of an offset reflector is 

simpler, since it involves only the reflector and the feed systems. In 

the case of symmetric paraboloids, however, the feed and its support 

structure decide on the system performance. Investigation of the 

reflector performance with a given feed primary pattern is again simple 

and have been studied extensively. The effects of the support 

structures on the reflector pattern is, on the other hand, much more 

difficult to analyze. Thus, although a symmetric reflector is simpler 

and more economic to fabricate, the evaluation of its performance is 

normally not very accurate. 

The case of a symmetric paraboloid will be studied first. 

Following a brief literature review, we will formulate the radiation 

from a symmetric reflector including all blockage effects. For 

different support structures we will then study the system performance 

to evaluate the antenna gain and its pattern sidelobe levels. The 

possibility of reducing the pattern sidelobe levels will be considered 

next. The performance of the system with non-metallic struts will also 

be studied. The gain and sidelobe levels of an offset reflector will be 

considered in a separate section and its advantage and disadvantages 

over a symmetric reflector will be discussed. The report will be 

concluded with a discussion of the results and recommendations for 

future work. 
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III DESIGN CONSIDERATIONS 

In design of both Symmetric and offset paraboloids the main 

objectives are: high efficiency, low sidelobe levels, low 

cross-polarization and pattern control. While in an offset reflector 

these objectives can be controlled by a proper selection of the 

reflector parameters and the feed design, in a symmetric system the 

effect of the central and the strut blockage must also be considered. 

In this section we will discuss these design objectives briefly and will 

point out the main parameters affecting them. 

High Efficiency:  Parameters affecting the efficiency of a 

reflector antenna are: the aperture distribution, the spillover power 

of the feed, the edge diffraction, the cross-polarization and the feed 

and strut blockage. Ideally, a uniform aperture distribution gives the 

highest aperture efficiency. However, a uniform aperture distribution 

results in an excessive spillover power and high edge diffractions at 

the reflector rim. A practical feed, therefore, must generate a 

quasi-uniform aperture distribution with sharp signal drop near the edge 

of the reflector. Also, in a symmetric reflector to reduce the 

cross-polar radiation the primary feed pattern must be a rotationally 

symmetric one. In an offset reflector it must have a certain degree of 

asymmetry to compensate the asymmetry generated by the reflector. It 

will be shown later that by selecting' a proper reflector geometry this 

requirement can normally be removed and a low cross-polar feed can also 

be used for an offset reflector. In summary, a highly efficient 

front-fed paraboloid can be designed by a proper design of the feed 

system. 
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Low Cross-polarization: Although in a symmetric reflector the 

cross-polarization can be controlled by the feed design, the overall 

system cross-polarization depends on the feed support blockage. The 

scattering by the struts causes the cross-polarization, which in general 

will depend on the configuration of the struts and their cross-sectional 

geometry. In general, both feed design and the strut geometry must be 

considered in the cross-polar performance of the system. In the offset 

system the combined effect of the feed and the reflector geometry 

affects'the cross-polar performance and both effects must be 

considered. 

Pattern Control:  In a front-fed paraboloid the control of both 

near-in sidelobes and far-out sidelobes is the most essential design 

objective. The near-in sidelobes depend on the aperture distribution 

and the strut blockage. Both parameters must be considered in a 

symmetric reflector, but in an offset system the aperture field 

distribution is the only deciding parameter. 

Near-in Sidelobes:  The aperture efficiency and the sidelobe levels 

of different aperture distributions have been studied by many 

investigators, and a good description of the topic can be found in 

reference [1]. However, for practical feeds the aperture field due to 

the primary patterns can be approximated by [2] 

EaP (a ) = cos [511n cos -1 C], cx l <c(<1 
1-(xl 

= 1 o<a<al 



HI 

5 

Where C iS a constant defining the edge illumination (Cdb . 20 log 

C) and a is the distance on the aperture. For various values of a l  

and the edge illumination the expected aperture efficiency and the first 

sidelobe levels are shown in Figure (1). Since for larger values of 

al , the aperture illumination is closer to uniform aperture distribution 

the expected aperture efficiencies approach 100% with increasing value 

of a l . On the other hand, the sidelobe levels increases with a l , 

approaching the level of -17.6 dB for a uniform distribution. 

The effect of the aperture blockage is normally difficult to 

generalize, but normally reduces the aperture efficiency and increases 

the sidelobe level. In general, the effect of the aperture blockage is 

most severe for lower edge illuminations. Figure (2) shows the effect 

of the central blockage on the sidelobe levels. It is evident that, the 

percentage of blocked area is the deciding parameter on the sidelobe 

level. However, the most important information to note is that, for a 

blocked aperture the level of the sidelobes depend predominantly on the 

percentage blocking, rather than the initial edge illumination: that 

is, the effect of aperture blockage is smaller for higher edge illumina-

tions and larger for lower edge illuminations. This means that in a 

symmetric reflector lowering the edge illumination may not result in a 

lower sidelobe level. This is an important property, since lowering the 

edge illumination reduces the aperture efficiency and for a symmetric 

reflector may not result in a lower sidelobe level. In practice a com-

promize must be made between the aperture efficiency of the antenna and 

its sidelobe level. 
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Far-out Sidelobes:  The far-out sidelobes of a reflector depend on 

the edge diffracted field, the scattering field of the struts and the 

spillover power of the feed. While both spillover power of the feed and 

the edge diffraction effects can be controlled by the feed design, the 

strut scattering depends primarily on the strut geometry. Normally, the 

total scattered power by the struts cannot be eliminated, but to reduce 

the far sidelobe levels one may distribute the scattered power over a 

wide angular region. This may be achieved by forming the strut shape to 

scatter the aperture blockage field at different directions, from 

different sections of the strut. 
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IV COMMON SIDELOBE REDUCTION TECHNIQUES 

Reduction of sidelobe levels in a reflector antenna have been the 

object of many investigations for reduction of interference and the 

antenna noise temperature. The problem has received an accelerated 

attention in recent years, with the use of geostationary satellites for 

point-to-point communication. However, the material in open literature 

is scarce and the existing techniques seldom provide satifisfactory 

degree of sidelobe level reduction. In this section, we intend to 

review commonly used techniques to improve the sidelobe levels of small 

earth station antennas. 

Generally, the technique can be divided into two categories: 

techniques for reduction of near-in sidelobes and those for improving 

far-out sidelobes. 

Near-in sidelobes:  The most common method to lower the level of 

near-in sidelobes of a reflector antenna is the reduction of the edge 

illumination of the reflector using heavily tapered aperture illumina-

tions. This method transfers the sidelobe problem back to the design 

to the reflector feed. Although, it is the most effective means of 

sidelobe control, it is most useful for an offset reflector with no 

aperture blockage. In a symmetric reflector, both central and strut 

blockage deteriorate the sidelobe levels, the degree of which depends 

on the percentage of the blocked area. As figure (2) of the previous 

section indicates the level of the sidelobes increases with the 

blockage and for large aperture blockage approaches that of a uniformly 

illuminated aperture. For a symmetric reflector, therefore, a tapered 
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aperture «illumination is only an effective means of sidelobe reduction 

when the aperture blockage can be made small. In small reflector 

antennas this is a difficult task, since the diameter of the supporting 

struts is limited by the mechanical strength and the size of the 

central blockage is dictated by the feed diameter. One therefore 

expects that, the tapered aperture distribution can be more effective 

for large diameter reflectors. A disadvantage of this method of side-

lobe control is the effect of tapered illumination on the antenna gain 

factor. Although, it improves the feed spillover power, it also tend 

to reduce the reflector gain factor. 

Sidelobe levels may also be controlled by controlling the reflec-

tor aperture distribution. One such method has been used by Han [3], 

utilizing absorbing materials to block the reflection from selected 

regions of the reflector, Figure 3. This method is a generalization of 

the aperture tapering, but does not provide a practical method for 

sidelobe control. It causes gain reduction due to the loss of effec-

tive aperture size and does not overcome the problem of sidelobe 

deterioration due to feed and strut blockage. Practically, it is 

difficult to utilize, since the environmental effects on the absorbing 

material limits its useful life. 

The most effective way of reducing the near-in sidelobes of a 

symmetric reflector has therefore been the elimination of the strut 

blockage. For a front-fed paraboloids this can be achieved by 

utilizing centrally supported feeds. Unfortunately, such feeds have 

poor radiation characteristics and result in lower antenna gain factor 

and higher cross-polarization level. 
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Far-out Sidelobes:  The level of far-out sidelobes affects the 

antenna noise temperature and has received increasing attention in 

recent years, with continuous improvement in the performance of low 

noise amplifiers. Dominant parameters affecting the level of far-out 

sidelobes are the reflector edge illuminators, causing edge diffrac-

tion, feed spillover power and the wide angle strut scattering. 

Similar to the case of near-in sidelobes the level of edge diffracted 

fields can be reduced by tapering the aperture illumination. Addi-

tional means of reducing the edge diffracted fields are the modifica-

tions in the edge geometry using large diameter edge curves, with an 

additional benefit of increasing the reflector mechanical strength, 

utlilizing corrugated reflector edges and coating the reflector edge 

with a lossy dielectrics. The latter case of dielectric rim loading 

has been studied by Chung and Naito [4]. Its usefulness is, however, 

questionable due to environmental effects. Rim corrugation adds to the 

cost of the reflector and has not found wide spread application in 

practice. The most common approach is, therefore, curving the reflec-

tor edge, which is simpler to achieve and adds to the reflector 

strength. For extremely low sidelobe reflectors the most useful 

approach is the use of absorber-lined tunnels. The reflector is placed 

in a cylindrical tunnel, the inner wall of which is covered with 

absorbing material to eliminate the side radiation field [5]. 

Although, this method is a very effective one it can only be used in 

special purpose antennas. A modification of this approach uses 

metallic cylindrical collars on the reflector, which can be used 

economically and has found common use in high performance reflectors. 
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The only disadvantage of this method of far-out sidelobe control is the 

effect of the metallic collar on the near-in sidelobes. Because, the 

metallic collar reflects the incident radiation of the feed, these 

reflected fields eventually radiate in the direction of the near-in 

sidelobes, and consequently raising their level. In practice one 

therefore must optimize the rim geometry to reduce its effect on the 

first few reflector sidelobes. 

The feed spillover power affects the sidelobe levels in the 

direction of the reflector rim, where the feed illumination is still 

high. A natural way of reducing this effect is the use of low edge 

illumination and designing feeds with rapid pattern tapering beyond the 

reflector rim. Its effect can, additionally, be reduced using the 

cylindrical reflector collar. 

The effect of the supporting struts on the far-out sidelobes 

generally manifests itself in the direction of the scattering cone of 

the struts. The angle of the scattering cone is approximately equal to 

the strut angle with reflector axis, causing large sidelobes around 

1000  to 120° off-axis directions. Because the analysis of the strut 

scattering is a very difficult problem, its affects on the reflector 

sidelobes have been ignored until quite recently. During 1981 antennas 

and propagation symposium, two separate methods of investigating strut 

effects on the sidelobes were reported. Thielen [6] has used 

experimental approach to study the strut effect. He has then used two 

separate methods to reduce the strut effects on the sidelobes levels. 

In Figure (4) he  has  used continuously curved struts to distribute the 

strut scattered power over a wide angular range. In Figure (5), on the 



11 

other hand, he utilized metallic pieces mounted on the strut to reduce 

the scattered power. Using these methods he has measured a reduction 

of about 6 dB in the sidelobe level along the scattering cone angle, 

Figure (6). 

In a similar study, Hwang and Han [7] have used a complex strut 

cross-section to reduce the strut scattering and to distribute the 

scattered power over a wide angular region. Figure (7) shows its strut 

geometry and the measured reflector patterns. 

A novel method of sidelobe reduction has also been reported by 

savac antenna, Figure (8). It utilizes two planar plates on the 

reflector to reduce the side radiation. These plates have an addi-

tional use of shortening the strut length, which subsequently results 

in a smaller strut diameter. It is expected that these plates will 

reduce the far-out sidelobes beyond about 20 degrees off axis. How-

ever, no experimental or computed patterns for this antenna are 

reported and further work is required to evaluate their effect on the 

reflector pattern and then search for an optimum configuration for the 

plates. 



V FORMULATION OF SYMMETRIC REFLECTOR FIELD WITH CENTRAL AND STRUT 

BLOCKAGE  

(a) Unblocked Reflector  

For computation of the reflector field near the main axis, the 

physical optics analysis provides a convenient approach. To develop 

the method we assume the incident feed pattern illuminating the 

reflector to be in the following form in a coordinate system which is 

defined in Figure (9). 

Einc e  p [a l (V)sinVie ,  + d i (P)cosViv] 

e
-jkp 1 - H.Inc  = (a x Einc)  - [a 1 (8 1 )siWà 1 -d 1 (P)coscp'5 1 1 (2) 

n TIP (1)  

These are the far-zone field of a circular aperture excited in the m=1 

azimuthal mode. The E-plane is the yz-plane and H-plane is the 

xz-plane. The polar patterns a l (P) and d i (P) are assumed to be 

such that most of the energy is radiated toward the reflector and very 

little energy is radiated in the half-space z>0. Furthermore to 

assure continuity of the field when 0 1 =n it is necessary that 

di(z) = -al(r). ( 3 ) 

Application of equation (2) shows the geometrical-optics current 

density on the front of the reflector to be 

12 

(1) 
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(5)  

(6)  

•
(7)  
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1 2 e -jki)  
n  p 14aX qi5à, Ci6 Z1 

where 

Cx  = -sin sinVcosV [al(P) + d1( 0 ')] 

e' 
CY  = 

. 
[a1(e . )sin 2

qb .  — d1(6 / )COS
2 cp. ,

] 

es -cos -2— simpla1(0 1 ). 

The principal component of current is the y-component because the 

field is polarized in the yz-plane. The cross-polarized x-Component is 

zero in the principal planes. By making the feed pattern axially 

symmetric; i.e., 

d 1 (0') = -a 1 (0 1 ) for 0' 0  < 6' < n ( 8 ) 

we then have 
ko 

2e
i  --- 0' 6' J 

=
{ -sin ày - cos —2 sincp'à z }a l (e ') 

and the cross-polarized component of surface current has been 

eliminated. 

Similarly, the ray-optical reflected field may be computed from‘ 

_ 
E REFL = -E INC + 2(fi•E INC )ff 

yielding 

e-jk 
ERErL 

p 
1 {5 sincp'coscp'(al+d i ) + § ( 8 1 sin 2çb' d 1 cos 2 (p 1 )1 (11) 

P X 

(9) 

(10) 



(12)  

(13)  

This field propagates rectilinearly parallel to the z-axis producing 

the focal plane field 

e-j2kF 2 làx sinVcosV(al+d1)4 (a i sin 2qb21COS cp )1 
EAPER p Y 

where 

tan -1 (y/x) 

y2 
e i  = tan X 2 4- -1 (ix 2+y 2 / [— F + 

P = 2F = 2F/(1-cos0 1 ). 

In the next section this aperture field will be used to determine 

the scattered field of the feed supporting struts. 

The far-zone fields radiated by the currents induced on the 

scatterer are from equation 

E(p)  _ j wp  e-jkR _ 

4? 
R [jS-(3S.'6R)50 

dS. 

If J is approximated by the geometrical current density in equation 

(4), then the resulting physical-optics approximation of the field, 

after necessary manipulations becomes 

14 

(14) 



15 

I. 
I. 

e-jkR n e -jkp(1-c°secose') 
E0 (P) jkFsin(1) 0 f (1-cosP) lalcose[J0(042( )] 

eo 

-d icoserJ o(e) + J 2 (e)] - 2jsine ctn .921 J i Ma l lsine'de' (15) 

e-jkR e .-jkp(1-cosocos0 1 ) 
E (P) jkFcos(1) R (1-cosei) f   la1EJ0 (f3) + J2( ) ] 

0 0  

-d 1 [J 0(5) - J 2 ( ) 71 sine'de' (16) 

where 0 . kpsinesinel. 

(h) Aperture Blockage  

The presence of an object in front of a reflector antenna will 

cause significant changes in its radiation patterns. In general, these 

objects may be classified as either large cenifally located objects 

such as a subreflector or a feed horn, eich are essential to the 

operation of the antenna, or long thin cylindrical struts used for 

mechanical support of the central object, Figure 10. 

In this section expressions for the computation of the strut scat-

tered field are given. The effect of the central blockage will be 

discussed later. For simplicity only cylindrical struts are consid-

ered, so that analytic expressions can be'developed. For struts of 

arbitrany cross-sections the problem must be solved numerically, which 

require excessive computer and personnel time and could not be 

attempted in this work. However, the conclusions derived from cylin-

drical struts will be extended to arbitrary shape ones and will be 

provided later. 



(c) Formulation of the Strut-Blocking Equations  

The geometry of a single, perfectly conducting strut is shown in 

Figure 11, where the strut axis lies in the plane (p' = (po. The 

(cylindrical) strut lies entirely on one side of the z-axis with, at 

most, one end touching the z-axis. The x'-y'-z' coordinate system is 

centered at the paraboloid prime focus, with the z'-axis directed away 

from the reflector along its axis of symmetry. The strut lies at an 

angle a(-90<a<90) with respect to the r'-axis, which is perpendicular 

to z' in the plane (p' = 40. The end of the strut axis lying 

closer to the z' axis has coordinates (r' 1 , z' 1 ), and the other end 

has coordinates (r' 2 , z' 2 ), where r' l  > 0, r' 2  >0, r' l  < r' 2  and 

Z' 2  - z' l  
= tan [ , r 2  - r ( 1 ] 

The right-handed x"-y"-z" coordinate system is shown in Figure 

12, with its origin located at the nearer end of the strut (r 1 1 ,z' 1 ), 

the z"-axis lying along the strut, and the x"-axis lying in the r'-z' 

plane; i.e., in the plane (p' = 4)0. Also shown in the figure is the 

incident plane wave emerging from the reflector (transit mode) with 

= ka 2 1; i.e., in the positive z'-direction. An oblique view of 

the x"-y"-z" system is shown in Figure 13, with the angle ." 

measured about the z"-axis, in the x"-y" plane, from the x"-axis. 

(C-1) E-Polarization  

In this section the strut will be assumed to have a circular 

cross-section. Furthermore, initially it will be assumed that the 

16 

(17) 
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0 -jksinaz" 

= à z" ( nnkacosed e ( i )-n  n=-0. 
eine 

N-In(kacosa) 

(1 9) 
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E-vector of the incident plane-wave lies in the plane 4) 1  = 40 as 

indicated in Figure 12. Under these conditions the currents induced on 

the cylinder (neglecting end effects because L >> x) will flow entirely 

in the z"-direction. Then the scattered field due to the strut 

currents is 

ajkR 2n 
E(p) (` ) f ade f dz" c-k-95 R . (18)  

o 4n R 0 '"/ Sz" [a eltrans 

where P is a field point with coordinates R,0,4), R is the distance 

from the origin 0 to the field point, p is the vector from 0 to 

the integration point, à is a unit vector from 0 to P, and only 

the transverse (to à ) components of the current contribute to the 

scattered field. For a plane wave incident at an angle a the induced 

curent is given by 

Insertion of (19) into (18) and evaluation of the e-integral yields 

Î(P) e -ikR  "0 0211.)(  R   )e 1E IFRE(1),(341 2a If 2  EA (r' )eikrIA0 dr' (20) 0 r' 1 - 

where 

éo  = [cosecos(4)-4) 0 ) tanasine] â o  - sin(4)- 4) 0 ) 

Po = (kz'l - kr'itana)(cose - 1) 
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(21) 

(22) 

Ao = sinecos(.40) + tana(cose-1) 

B = sinasinecos(4-4 0  
) ) - cosacosq) 

C = sinesin($40) 

D = 7'B 2  + C2  

6 =  tan 

 J
n (kaD) 

IFRE(D,64 - ka lcosa / e  

The remaining integral has been transformed to an integral of EA(r 1 ) 

the focal-plane E-field in the r'-direction, times the phase factor 

ejkrIA0 

When 6 = 0; i.e., P lies on the z'-axis (boresight axis), (22) 

reduces to 

e-jkR r'2 
E(R,0,0) 02n )(  R   )a r . 1FR E  2a f E A(r') dr' (23) 

r' l  

where 1FRE is the E-polarization IFR (induced field ratio) of a 

circular cylinder obtained from (20) and (22) with 6=0. Except for 

the IFRE factor, (23) is the field of the rectangular aperture 

defined by the projection of the strut on the x'-y' plane as shown in 

Figure (14). Thus, in the optical limit of 1FRE 4- -1, (23) reduces 

to the classical null-field result. However, for typical strut widths 

of the order of a wavelength, IFRE is far from -1, and a 

considerably different result is obtained. 

Equation (20) also provides more precise angular information about 

the strut tilt than does the conventional "flat" shadow 

L (21 n=-0. H '(kacosa) 
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representation. For example, since EA(r 1 ) is constant-phase in the 

focal plane, the integral in (20) is maximum in those directions (8,1)) 

for which Ao = 0. Thus, from A0 in (21), it is shown that local 

maxima of the scattered field occur along the contour 

cos4mAx  - (1) (1) = tan(e mAx/2)tana . (24) 

(C-2) H-Polarization  

The procedures of the previous section will again be followed, but 

this time with a component of the H-vector lying along the strut. For 

a = 0, both axial and circumferential components of surface current 

will be induced. Then the scattered field is 

E(p) ,e -ikR ,  2' n  

47 R 
f ad(1) f dz" 14,u [5,,] 
0 0 'vtrans 

'k-  - + J -  Sz" [a z' transl ' -j P.aR  

From two-dimensional circular cylinder theory, the two components 

of current are: 

1J1 
n=-0. H

(2)' (kacosa n ) 

- 
n (j ,n eine (27) .-jksinaz" sin« ) (2) ,  

Hn % (kacosa) = J Sz' `kacos 2 ct n._. 

The z"-component of current, which vanishes when a = 0, causes the 

H-polarization result to be significantly more complicated than the 

E-polarization. 

(25) 

jne 2jH0 %  _-iksinaz" r ,.,-n 
J II - SI) ,ria 

(26) 



Inserting (26) and (27) into (25) and evaluating the e-integral 

yields 

-jkR jP 
E(P) = ( e  R   ' ) e fé c  IFRH (D,c3a) + 

(a,e + à e sin« JFRH (0,6,4} 
LkaD 6 4) (1)

)  kacos 2a 

r'2 jkr'Ao 
• 2a f nH A(r 1 ) e dr' 

r'l 

where 

éc à [sin6cosasine + sincSsinacosecos(-cp 0 )  - cosScosesin(4 0 )] 

+ â»sindsinasin(4)- 4 0) - cosScos(1)-(1) 0 )] (29) 

é s  = à o [cosScosasine + cosSsinacosecos(.4 0) + sinScosesin(4 0 )] 

+ à [-cos6sinfasin(cp- 4 0  ) + sindcos(4)-4 0 )] (30) 

é e = cosacosecos(49- 4 0  ) - sinasine (31) 

é = -cosasin(4-(1 0  ) ) (32) 

J  '(kaD) 
(33)  jn(S n  1 

Le (2)' (kacosa) 
IFRH(D 6 ,4 - WEI57c-i n._. 

+oe j
n (kaD) 

1 
JFRH(D,6,4 - -Fic(Tt ,]ne 

H 2'  H(2)'  (kacosa) n=_. 
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(28) 

(34)  



The final factor in(28) is an integral of HA(r 1 ), the focal-plane  

H-field in the r'-direction. 

When 0=0, JFRH is identically zero, and (28) becomes 

ftHjkR r'2 
E(R,0,0) - )i IFR

H 
 2a f nHA  (r')dr' 

2n R cp o   r' l  

where IFRH is the H-polarization IFR of a circular cylinder 

obtained from (28) with 0=0. Except for the IFRH factor, (35) is 

the field of the rectangular aperture shown in Figure (14). 

(d) Central Blockage  

A centrally located object, such as a feed or a subreflector, 

causes scattering of the reflector field, which can be considered as a 

combination of the shadowing effect on the main reflector and the edge 

diffracted fields. For small scatterers the contribution of the edge 

diffraction to the total field is negligible and the central blockage 

field can be obtained accurately using the geometrical shadowing. The 

effect of the geometrical shadowing can easily be accounted for by 

modifying the integration range in the formulation of the main 

reflector fields. That is, in equations (15) and (16) one only needs 

to carry out the numerical integration form 00 to Tr-S0, where de 

is the half angle subtended by the central blockage from the reflector 

centre. Assuming the central blockage radius as rc, this angle is 

given by  30  = tan -1  (rc/F). 

21 
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(e)  Total  Reflector Field  

An addition of the strut fields, in equations (20) and (28), to 

the reflector fields, in (15) and (16), gives the total radiated field 

of a symmetric paraboloid. For an arbitrary polarization of the 

aperture field, with respect to the struts, a combination of both (15) 

and (16) must be used, with a proper vectorial addition. Similarly, 

for multiple strut support the overall strut field must be considered. 

In the foregoing sections the strut scattered field was obtained 

analytically for a cylindrical strut. Similar expressions for struts 

of arbitrary cross-section can be obtained and, in general, a numerical 

method such as the moment method must be utilized. Since, the given 

expressions will provide adequate information for the strut effects on 

the reflector pattern, the case of struts with arbitrary cross-section 

is not considered. Furthermore, the generation of adequate data using 

numerical methods is costly and time consuming and could not be 

attempted in this phase of the work. A brief description of such cases 

will be given in a later section. 



VI COMPUTED PATTERNS FOR  SYMMETRIC REFLECTOR 

Based on the mathematical model developed in the previous section 

for the reflector, central blockage and the strut field, the expected 

reflector patterns for several cases have been computed. This section 

presents few selected data. Initially, we have used the CRC feed [14], 

as the primary source for the reflector and the results are obtained 

for various strut geometries and the reflector sizes. Following this 

section a simplified feed model in the form of COSMO illumination 

is selected and the expected co-polar and cross-polar behaviours of 

different strut configurations are studied. A modification in the 

reflector surface to generate an appropriate phase change for the strut 

field is then proposed and its effect on the improvement of the 

reflector gain and the sidelobe levels are examined. Other strut 

geometries such as: dielectric coated struts, dielectric struts and 

conducting struts of arbitrary cross-sections are also considered. 

Finally, the reflector noise temperature and its G/T are also 

computed. 

(a) Reflector Performance with CRC Feed  

Using CRC feed as the illuminating source the reflector patterns 

are computed for three different strut geometries, a J-hook, a tripod 

configuration and finally a quad-strut geometry. Initially, the case 

of a J-hook is considered. The reflector diameter for all cases is 

kept at 48X, with fiD . 0.375 and the orientation of the strut and 

its mounting location on the reflector is modified. The geometry of 

23 
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the J-hook is shown in figure (17), which defines all parameters and 

the dimensions of the CRC feed and its radiation patterns are shown in 

Figures (15) and (16). The computed patterns are shown in Figures (18) 

to (26) for an E-polarized strut and in Figures (27) to (35) for an 

H-polarized one. In all cases the strut diameter is 1.0X. Three 

different mounting locations for the strut are selected, which affect 

the spherical shadowing of the feed on the reflector. The general 

conclusions are that, the spherical shadow increases the sidelobe 

levels and the level of the sidelobes is higher in the plane of the 

struts. Note that in the present method we have used the geometrical 

shadowing approach to compute the blockage effect. The computed strut 

shadow fields are then corrected by the induced field ratio of the 

E-plane and the H-plane scatterer. This approach is of course 

approximate and results for an H-polarized strut are similar to an 

E-polarized one. In Section IV-b we will use the actual scattering 

field of the strut and thus the sidelobe levels of an H-plane strut 

will be shown to be somewhat lower than those of the E-plane one. 

For a tripod configuration the geometry and the diameters of the 

selected reflectors are shown in Figure (36). The strut diameter is 

still 1.0X and for all reflectors f/D = 0.375. For each reflector 

and the strut mounting location, the reflector patterns are provided in 

three planes of • = 0,45° and 90 0 . Results are within expectation, 

the reflector gain decreases with the percentage plane wave and the 

spherical shadows and the level of the first side lobe level 

increases. The results are shown in Figures (37) to (60). No 

specially significant information is evident, except that a tripod 

configuration does not drastically increases the sidelobe levels. 
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Finally, we have considered the quad-strut case. Figures (61) and 

(70) show the geometry and Figures (62) to (74) provide the computed 

patterns for different reflector diameters, when the struts are mounted 

at the mid-point or the reflector edge. All figures show expected 

results. For this strut configuration the most interesting results are 

obtained with the geometry of figure (75). Here vertical struts are 

selected, which cause the most severe spherical shadows. The computed 

patterns are shown in Figures (76) to (83), which indicate excessive 

gain reduction. The sidelobe levels are also high in the principal 

plane. However, in the 45°-plane the sidelobes are, generally, lower 

than the sidelobe levels of the unblocked aperture. In fact, as Figure 

(79) indicates by a proper selection of the percentage shadows the 

sidelobe levels can be reduced considerably below that of the unblocked 

ones. This property of the quad-strut configuration is quite unique 

and, whenever possible, may be used to reduce the interference level 

from other sources. 

(h) Accurate Computation of Strut Scattering  

(cosm  o distribution, la i  (0)(=Id i (e)1=cosmo) 

In the previous section the reflector patterns were generated 

including both central and strut blockage. The strut blockage was com-

puted on the basis of geometrical shadowing weighted by induced field 

ratios, this method gives accurate reflector patterns for small angles 

and only for the co-polarization component. To study the cross-

polarization due to the struts we must handle the strut fields more 

accurately. In this section we have used the strut scattered fields 
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computed using strut current as shown in equations (20) and (28). 

Since the cross-polarization will be higher for longer struts, only the 

case of struts mounted on the reflector edge are considered in this 

section. For other cases the results can similarly be obtained, but 

the co-polar patterns will be similar to the results of the previous 

section and the cross-polar components will be lower. 

In this section we have studied the sidelobe performance of a 4 ft 

reflector with both COSe and cos 20 patterns of the primary feed. 

Again, three strut geometries are considered: a single strut, a tripod 

configuration and a quad-strut geometry. In all cases the strut is 

assumed to be supported from the reflector edge, so that, full plane 

wave blockage of the reflector exists. 

For a single strut the computed patterns are shown in Figures (84) 

to (88) for a case feed pattern and in Figures (89) to (93) for a cos 2 e 

feed pattern. The corresponding efficiencies are listed in Tables (I) 

to IV. In all cases the polarization of the feed is in the y-

direction, the diameter of the central blockage is 2.5x (feed dia-

meter) and the strut diameter is assumed to be 0.5X. All struts are 

located at an angle 47 0  with respect to the x'-y' plane. 

An examination of Figures (84) to (88) indicates that when the 

polarization of the feed is along the strut, the effect of the 

scattered field of the strut on the reflector pattern is larger. This 

is clear from Figure (87), where the level of the first sidelobe is 

higher and the overall reflector pattern has, generally, higher side-

lobe levels than the pattern of Figure (84). The cross-polarization 

introduced by the strut is shown in Figure (85), which is quite satis- 
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1 

factory and is below -52dB level. Also, comparing the results of 

Tables (I) and (II) it is clear that for the polarization along the 

strut, the blocked efficiency is lower; i.e., 80.196% compared with 

80.342%. 

Similar results are evident in Figures (89) to (93) for a cos 2 0 

feed pattern. Again, when the feed polarization is along the strut, 

the blockage effect is higher and the corresponding blocked efficiency 

is lower; i.e., 68.88% compared with 70.0%. The cross-polarization has 

also similar behaviour, with a peak level about -53dB. 

Comparing the results of two different illuminations, we note that 

as expected, for a cos 2 9 feed pattern the effect of the blockage is 

very significant. In fact, when the feed polarization is perpendicular 

to the strut, the main pattern deterioration is due to the central 

blockage. The struts have a minimal effect. For strut along the feed 

polarization, the effect of the strut in the plane normal to the strut 

is very high and is of the same order as the central blockage effect. 

For a cos° illumination both central and strut blocking have negligible 

effect on the reflector pattern. From these results we conclude that, 

although by strong tapering of the feed illumination (cos 2 e1 feed), 

sidelobe levels can be lowered to around -38dB. The aperture blockage 

raises their level to about -30dB. In the case of cose illumination 

the original sidelobe level of about -25dB increases to around -23dB 

level. 

For identical feed and strut dimensions the computed results for a 

tripod configuration are shown in Figures (94) to (99). The 

polarization of the field is along the y-direction. From Figures (94) 



28 

to (96) again it is evident that blockage effect on the reflector 

pattern is small for a cose feed pattern. In fact, provided that the 

struts are not along the E-plane the blockage effect of a tripod on the 

sidelobes, see's to be smaller than that of a single strut along the 

feed polarization. The blockage efficiency however is lower; i.e., 

78.33% compared to 80.196%. The cross-polarization is also poor, which 

is indicated in Figure (95) and has a maximum level of about -40dB. 

Similar results are also obtained for a cos 2e illumination, which are 

shown in Figures (97) to (99). Sidelobe performance is satisfactory 

and increase their level slightly above that of the central blockage. 

The  •first sidelobe level is about -32dB. A major disadvantage of a 

tripod configuration is the generally high level of the higher order 

sidelobes, which although are lower than that of a single strut located 

along the E-plane their level is otherwise higher. The computed 

efficiencies, for this configuration are shown in Tables V and VI. 

They are, as expected, lower than those of a single strut and for two 

assumed illuminations are 78.33% and 67.06%, respectively. 

Figures (100) to (103) show the computed patterns for a 

quad-configuration. Again, the dimensions of the feed and struts are 

the same as before and strut lengths are assumed to be the full length 

of the aperture. Furthermore, for the computed data two struts are 

assumed along the feed polarization. Therefore, the sidelobe levels, 

indicated in these figures, are the maximum levels that one generally 

should expect. Deterioration of the pattern in the principal E-plane 

is most severe for higher order sidelobes. But the cross-polarization 
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is satisfactory at about -52dB. The computed efficiencies are shown in 

Tables VII and VIII. 

To indicate the effect of strut diameter on the reflector pattern 

Figures (104) and (105) are also included, which are respectively for 

tripod and quad-strut configurations. In both cases the strut diameter 

has been increased to one X and the illumination is due to 'a cose feed 

pattern. For the tripod geometry the level of the first sidelobe is 

almost unaffected, odd sidelobe levels have been reduced and the even 

sidelobes are raised. For a quad-strut case, in Figure (105), the 

shape of the pattern has remained the same, but its leVel has increased 

almost uniformly. It is therefore clear that the diameter of the strut 

has a strong effect on the pattern of a good configuration, but 

generally does not affect the results of a tripod geometry. 

Corresponding efficiencies are shown in Tables IX and X, which indicate 

lower percentages than those for a 0.5X strut. 
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TABLE I  

Efficiencies of a Single Strut, Strut Perpendicular to the E-plane Feed 
Feed Diameter = 2.5X, Strut Diameter = 0.5X, Reflector Diameter = 48A, 

cos O Illumination 

Spillover 

Unblocked n o  

Blocked n 

5.69% 

82.803%, Go= 42.75 dB 

81.342%, GB  = 42.67 dB 

TABLE II  

Efficiencies of a Single Strut, Strut Along the E-plane Dimensions Same 
as Table I, cos o Illumination 

Spillover 5.69% 

Unblocked n o 

Blocked n B 

82.803%, G_ = 42.75 dB 

80.196%, GB  = 42.61 dB 



Unblocked n 
o 

71.61%, G = 42.12 dB 
o 

Blocked n 70.0%, G = 42.02 dB 

Blocked n B 68.88%, GB  = 41.95 dB 

TABLE III 

Efficiencies of a Single Strut Perpendicular to the E-plane Dimensions 
Same as Table I, cos 20 Illumination 

Spillover 0.84% 
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TABLE IV  

Efficiencies of a Single Strut Along the E-plane Dimensions Same as ' 
Table I, cos 2 0 Illumination 

Spillover 0.84% 

Unblocked n o 71.61%, Go  = 42.12 dB 



1 
5.69% 

82.803%, Go  = 42.75 dB 

Spillover 

Unblocked n o  

Blocked n B 78.33%, GB  = 42.51 dB 

TABLE V  

Efficiencies of a Tripod Dimensions Same as Table I, cos (3 
Illumination 

TABLE VI  

Efficiencies of a Tripod Dimensions Same as 
Table I, cos 2 e Illumination 

Spillover 0.84% 

Unblocked n o 
71.61%, Go = 42.12 dB 

Blocked n B 67.06%, G B  - 41.83 dB 
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TABLE VII  

Efficiencies of a Quad-Strut Dimensions Same as Table 
Illumination 

cos  6 

Spillover 5.69% 

Unblocked n 0 82.80%, G 0= 42.75 dB 

Blocked n B  ' 77.12%, GB  = 42.44 dB 

TABLE VIII  

Efficiencies of a Quad-Strut Dimension Same as 
Table I, cos 2 0 Illumination 

Spillover 0.84% 

Unblocked n o 
71.61%, Go . 42.12 

dB 

Blocked n B 
65.89%, G B  = 41.76 dB 
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TABLE IX  

Efficiencies of a Tripod Feed Diameter = 2.5A, Strut Diameter = 1.0X, 
Reflector Diameter  =  48A, cos e Illumination 

II Spillover 5.69% 

Unblocked no 
82.80%, G o= 42.75 dB 

II Blocked n B 74.7%, GB  = 42.3 dB 

11 

I. TABLE X  

Efficiencies of a Quad-Strut, Data Same as Table IX 

II Spillover 5.69% 

II Unblocked n o 
82.8%, Go = 42.75 

dB 

Blocked n B 
72.34%, GB = 42.16 dB 

II 



VII POSSIBLE TECHNIQUES FOR SIDELOBE REDUCTION  

In Section IV we presented computed data for the effects of 

central and strut blockage on the reflector sidelobe levels. It was 

found that for a single strut geometry, such as a j-hook, the sidelobe 

levels are generally satisfactory as long as the strut is not located 

along the E-plane. The results for a tripod were also satisfactory. 

However, for a quad-strut geometry the situation was quite different. 

When struts were supported on the reflector edge, blocking the entire 

length of the aperture, the overall patterns were poor and for the 

E-plane struts all near-in sidelobes had very high levels. On the 

other hand, supporting these quad-struts at an appropriate location on 

the reflector the spherical shadow generated proper phase for the 

scattered field to cancel the reflector generated sidelobes. That is, 

although the principal plane patterns still had poor sidelobe levels, 

the 45°-plane patterns actually had lower sidelobes than the unblocked 

reflector pattern. This property of a quad-strut configuration 

provides a convenient means of reducing the sidelobes, provided it can 

be used in a practical situation. The disadvantages of this method of 

sidelobe reduction is that: (1) spherical shadowing reduced the 

antenna efficiency considerably, (2) in many practical applications 

aligning the reflector at a 45°-plane is not practical. Nevertheless, 

a quad-strut configuration has this interesting property and, whenever 

possible it can be used as a very low sidelobe antenna to reduce 

interference from adjacent satellites. 

35 
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I  

In this section we intend to consider alternative approaches to 

lower the reflector sidelobe levels. The proposed methods are studied 

analytically and the geometries are modelled approximately. It is 

therefore expected that the computed data be approximate and their 

accuracy must be examined experimentally. In particular, even if the 

method may be found satisfactory by the experiment, the optimization of 

the proposed geometries must be carried out experimentally. 

(a) Aperture Field Phase Shifting  

Generally, scattered field of a conductor has a phase difference 

with the incident field by about 180 0 . This phase reversal is total 

for large scatterers, but always is around 180°. For this reason, the 

scattered fields due to the feed and the struts tend to reduce the 

axial gain of the reflector and raise the level of the first sidelobe. 

For larger angles off the reflector axis both magnitude and the phase 

of the scattered fields cause the pattern deterioration. From this 

property of the scattered field one therefore can expect that, any 

method that can be used to reverse the phase of the illuminating field 

of the blocked area, it may remedy the sidelobe deterioration of the 

antenna. Here we intend to explore one possibility. We propose to use 

metallic strips on the reflector surface, just under each strut, so 

that, the reflecting surface is raised by the thickness of the strip. 

In this manner, the field illuminating the central blocking feed and 

struts will travel shorter distance and consequently the field 

illuminating the blockage will have a phase difference with the 

aperture field. If the thickness of the strips is selected properly 
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this phase difference will compensate for the phase reversal due to 

struts and feed and their scattered field will become in phase in the 

axial direction. Thus, the effect of the blockage scattered field can 

be used beneficially to enhance the gain and to reduce the sidelobe 

levels, rather than to increase them. 

For quad-strut geometry the configuration of the strips on the 

reflector is shown in Figure (106). To study the effects of this 

reflector modification on the reflector patterns, we consider only the 

strips under the struts. Thus, the central blockage will still exist 

and the computed patterns will indicate the effect of strut blockage 

only. To simplify the analysis we assume the current distribution on 

the strips to be the physical optics currents. This assumption is a 

crude one, since the width of the strips is small and their current 

distribution is not exactly close to the physical optics current. 

Nevertheless, it will provide a reasonable answer to the problem at 

hand. For a precise analysis one must use the actual current on the 

strips. With the assumed physical optics currents on the strip we have 

computed the new reflector patterns and the strut scattered field. The 

generated data were examined for various strip thickness and an optimum 

thickness for each strut configuration was found. It was realized that 

a thickness of between 0.3X to 0.4X generally gives a satisfactory 

result. 

For a tripod configuration the representative patterns for a strip 

thickness of 0.35X are shown in Figure (107), where a case feed 

illumination was assumed and the strut diameter was 0.5X. It is 

evident that the sidelobes are reduced considerably and the pattern 
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first sidelobe is lowered below that of unblocked aperture. The 

corresponding efficiencies are shown in Table XI, which show an 

enhancement of the gain and the efficiency. 

For a quad-strut configuration the computed patterns for two strip 

thickness are shown in Figures (108) and (109). For a 0.3X strip 

thickness, Figure (108) shows a useful reduction of the sidelobe below 

that of the unblocked aperture and an enhancement of the gain. Figure 

(109) on the otherhand, indicates a reduction of the higher order 

sidelobes at the expense of the first sidelobe and the gain. The 

corresponding efficiencies are shown in Tables XII and XIII. 

From these data it is clear that, loading the reflector surface 

with appropriately selected conductors improves the antenna gain and 

overcomes the problem of the aperture blockage. With a properly 

selected conductors one can, in fact, improve the reflector patterns 

over that of the unblocked reflector. However, as it was pointed out, 

this analysis is approximate and the optimized strip thicknesses may 

not in practice be optimum. The correct strip dimension must in 

practice be found experimentally. This analysis only serves the pur-

pose of indicating that the blocked aperture patterns can be improved 

considerably by loading the reflector surface. 

(h) Dielectric Loading of Struts  

As an alternative method of sidelobe reduction the dielectric 

loading of struts is also considered. This approach may be used in two 

different ways, one to lower the scattering cross-section of the struts 

and the other to use the dielectric loading to cause a phase shift in 



Unblocked Tl o  

Blocked n B 

82.8%, Go  = 42.75 dB 

81.13%, GB  = 42.66 dB 

Spillover 

Unblocked r) 0  

Blocked n 
B' 

Blocked n B 
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TABLE XI  

Efficiencies of a Loaded Reflector Tripod Struts, Data-Same as Table V 
Strip Thickness = 0.35 X 

Spillover 5.69% 

TABLE XII  

Efficiencies of a Loaded Reflector Quad-Struts, Data Same as Table VII 

5.69% 

82.8%, Go = 42.75 dB 

80.85%, G = 42.65 dB, strip 
B thickness = 0.35X 

76.85%, GB  = 42.42 dB, strip 

thickness =  0.45X 
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the scattered field. The first approach is useful whenever the polari-

zation of the field can be fixed with respect to the strut directions. 

Normally, the E-plane struts scatter field more efficiently. Thus, to 

reduce the strut effects one may use dielectric loading to minimize the 

strut scattering. In the second method one may select dielectric 

dimensions to cause a proper phase relationship between the reflector 

and the strut fields. An extensive investigation is carried out to 

study both cases [9] and few selective data will be presented in this 

report. 

For the E-plane struts selecting proper dielectric thickness 

minimizes the scattering cross-section. The degree of the reduction in 

the scattered field depends on the strut diameter and normally improves 

for larger strut diameters. Figures (110) to (112) show the variation 

of the strut scattering cross-section with strut diameter, the dielec-

tric thickness and the permittivity of the dielectric. For each con-

figuration there always exists a dielectric thickness that minimizes 

the scattering. The strut therefore becomes almost invisible. In 

these figures, a is the strut radius, b is the outer radius of the 

coated strut and Cr is the dielectric permittivity. As a 

reference, the scattering cross-section of an H-polarized strut with 

the dielectric loading is also shown in Figure (113). It shows that 

for this case the scattering cross-section increases with the 

dielectric thickness and generally deteriorates an already satisfacto-

rily low scattering. Thus, the reduction of the scattering by a 

dielectric loading is useful if the strut direction can be controlled 

and only the E-plane struts are coated. Otherwise the reduction of the 



scattering by the E-plane struts may be compensated by the increase in 

the scattering of the H-plane ones. 

dielectric loading of the struts to modify the phase of the scat-

tered field was also studied extensively [9]. For few selected data 

the computed amplitude and phase of the forward scatterd field are 

shown in Figures (114) and (115). These figures indicate that with a 

single coating the phase of the scattered field can not, in general, be 

changed adequately to become in phase with the incident field. How-

ever, because the reflector axial field is usually a real number, a 

phase difference of about 270° may not reduce the reflector gain, or 

raise the first sidelobe level appreciably. Thus, by a proper selec-

tion of the dielectric thickness one may move the scattered and the 

incident field phase differences for both E and H-polarizations to 

around 270 0 . In this manner both struts types can be coated by the 

same dielectric to improve the reflector gain and the sidelobe levels. 

However, this method has few disadvantages that make its usefulness 

questionable, (1) dielectric materials on struts are unreliable due to 

focusing of sun and the possibility of melting, or other environmental 

effects (2) the improvement in the reflector patterns may not be 

satisfactory. For these reasons no representative data for reflectors 

with coated struts is obtained. 

(c) Non-circular Strut Cross-sections  

In the previous sections the strut cross-section was assumed 

circular, so that, their scattered field can be obtained analytically. 

This analytic solution enabled us to generate a reflector field more 
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conveniently. However, from a mechanical point of view it is advanta-

geous to select other cross-sections, such as square or rectangle that 

has better bending characteristics. For these arbitrary strut cross-

sections the scattered field can not, in general, be found analytically 

and a numerical method must be used. 

From geometrical optics one expects that, reducing the shadowing 

of the strut on the reflector should reduce the blockage effect. How-

ever, for practical strut cross-sectional dimensions of small earth-

stations, the actual strut effect is considerably different from the 

geometrical shadowing effect. This is mostly true for the E-plane 

strut, where the strut scattering scross-section approaches infinity as 

the strut thickness approaches zero. That is, an infinitely thin strip 

still scatters a sufficiently large field, for the E-polarized case, to 

cause large sidelobes. A major disadvantage of non-circular struts is 

their generation of high cross-polarization level. While, these struts 

may, in certain cases, affect the co-polar sidelobes by a lesser 

amount, they will generate much larger cross-polar fields. For this 

reason we have selected circular struts for the present investigation. 

In addition, the computation of non-circular strut field requires 

excessive personnel and computer time and could not be attempted in 

this work. However, we could expect that by a proper selection of 

strut cross-sectional dimension one may obtain improved sidelobe 

levels. Based on our experience with scattering from various shaped 

objects we expect this improvement to be relatively small. 
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(d) Non-metallic Struts  

In investigation of scattering from dielectric rods we see that 

their scattering cross-section has an oscillating behaviour, indicating 

the resonance phenomenon. This means that, by selecting an appropriate 

rod diameter we may reduce the strut scattered field to levels lower 

than those of the conducting ones. However, dielectric rods are, 

generally, good scatterers also for the H-polarization of the incident 

field. Thus, while using dielectric rods may reduce the scattered 

field of the E-plane struts, they will increase the scattered field of 

the H-plane ones. In practice, therefore, the overall scattered field 

of dielectric struts may not be smaller than that of conducting ones. 

Dielectric struts also have additional disadvantages in aging and 

other environmental effects. For small earth-stations a major problem 

lies in the focusing of sun on the struts, which in the dielectric rod 

case will certainly cause a complete failure of the strut. Provided 

these disadvantages can be tolerated, non-circular directric strut may 

be selected to provide proper phasing of its scattered field with the 

field of the reflector. In such a case the shadowing by the strut can 

be used as an advantage to improve both reflector gain and sidelobe 

level. However', for all above reasons we do not recommend non-metallic 

struts and a detailed analysis of their blocking effect has not been 

carried out in this work. 
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VIII ANTENNA NOISE TEMPERATURE  

For an earth-station antenna normally the gain-to-noise tempera-

ture ratio G/TA represents the figure of merit of the antenna. The 

antenna noise temperature is the total noise received by the antenna, 

which reflects the contribution of the noisy ground, the atmosphere and 

the overall space noise. The distribution of the noise, as a function 

of the antenna location and the.elevation angle, is normally obtained 

experimentally. Using this noise distribution at the desired frequency 

the total antenna noise temperature can be computed from 

n 2n 
1 

TA() = 7,7 f f G(0',V)T(0 1 ,4) 1 )sin(V)de'dcp' ,g 0 0  

where 

T(0 1 ,4)') = distribution of the apparent temperature within field 
of view 

G(0 1 ,4) 1 ) = 441 p(e',V)/PT 

=  power radiated per unit angle in the direction (e'W) 

= total power delivered to the loss less antenna 

= elevation angle of the antenna main beam. 

The apparent average noise temperature T(0 1 4) 1 ) can, in most 

applications, be assumed symmetric about the local zenith, which can 

simplify the 4 1  integration in the above equation. At the required 

12 GHz frequency this apparent noise temperature can be described by 

the following relationship [13]. 
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[3.6/cose'] + 1.8 0 < e' < 88.57 

T(e'S')=T(0') = 1290 - 100.66(90-0) 88.56 < 0' < 90 

290 90 < 0'  <180 

Using this relationship the antenna noise temperature can be 

computed by the integration of the above equation. However, it 

requires considerable computation time to determine the expected 

antenna noise temperatures at all antenna elevation angles. The detail 

of the method are indicated in [15] and is omitted here for brevity. 

Since in the present analysis we have considered a large number of 

antenna configurations, the evaluation of the noise temperature of all 

cases and for several antenna elevation angles is beyond the scope of 

this report. Instead we will provide few sample computed data to 

compare the expected antenna noise temperatures. Table XIII shows the 

results for an antenna elevation of 50°, whereas Tables XIV and XV show 

the data for elevation angles 30° and 10°, respectively. In all cases 

the antenna diameter is 48x and a quad-strut configuration is 

selected to give the lowest possible G/TA values. For other 

configurations the expected values will fall between those of the 

unblocked aperture and the quad-strut case. 



1 

2 

3 

4 

5 

6 

39.0 

21.9 

30.1 

34.5 

14.7 

9.9 

TABLE XIII  

Antenna Noise Temperature and G/TA for a Symmetric Reflector 
Antenna Elevation = 500  
Antenna Diameter = 48À 
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Case No. TA,°K G/TA,dB 

26.52 

28.36 

27.27 

30.34 

27.97 

32.17 

Case Description  

1 - 4 struts (4 0=0,90,180,270) 
2 - 4 struts ( 0=0,90,180,270) 
3 - 4 struts ( 0=0,90,180,270) 

corrected reflector 
4 - 4 struts (4) 0=0,90,180,270) 

corrected reflector 
5 - unblocked reflector 
6 - unblocked reflector 

cos  6 distribution 
cos 28 distribution 
cos (3 distribution 0.4x strip 

cos 20 distribution 0.4x strip 

cos  6 distribution 
• • cos 2  distribution 



TABLE XIV  

Antenna Noise Temperature and G/TA of a Symmetric Reflector 
Antenna Elevation . 300  
Antenna Diameter = 48X 
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Case No. TA,°K G/TA,dB 

1 40.1 26.41 

2 28.0 27.29 

3 35.6 27.13 

4 18.95 29.24 

5 30.23 27.95 

6 13.3 30.94 

TABLE XV  

Antenna Noise Temperature and G/TA of a Symmetric Reflector 
Antenna Elevation . 10 0  
Antenna Diameter  =  48X 

Case No. TA,°K G/TA,dB 

1 56.4 24.93 

2 48.7 24.89 

3 51.9 25.5 

4 40.2 25.97 

5 46.9 26.04 

6 34.55 26.74 



IX OFFSET PARABOLIC REFLECTOR ANTENNA 

The offset-parabolic reflector antenna offers a number of 

advantages over its axisymmetrical counterparts. The offset reflector 

antenna avoids aperture blocking effects which will result in gain 

reduction and an increase in the sidelobe levels. It also implies the 

small coupling between the primary feed and the reflector. This 

suggests that the primary feed can essentially be matched independent 

of the reflector. 

These advantages of the offset reflector antenna are the results 

of the arrangements of the primary feed and its supporting structure 

away from the region of the highest aperture field intensity. The 

amount of the aperture blockage and the reflector reaction can be 

reduced by a proper selection of the offset angle e o  and the 

angular,  aperture 6*, which enables the feed and its supporting 

structure be out of the aperture field region. Under this condition, 

the scattered field of the feed and its supporting structure due to 

blockage will not exist. The sidelobe levels are thus the result of 

the aperture field radiation characteristic and the diffracted field at 

the edge of the reflector due to the direct incident field from the 

feed. The latter will generally control the far-out sidelobe levels 

provided that the sidelobes and the backlobes of the feed itself are 

very small. 

The main disadvantage of the offset reflector antennas is the 

increase in the peak cross-polarization levels, as compared to its 

axisymmetric counterparts, when illuminated by a linearly polarized 
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feed. When the reflector is illuminated by a feed with a circularly 

polarized field, there is no cross-polarized component being induced. 

However, the direction of the maximum radiation will be shifted. 

The sidelobe level control will result mainly from the feed 

imposed taper illumination on the reflector. The polarization of the 

feed will have very little effect on the sidelobe levels. The sidelobe 

levels and the peak cross-polarization levels can be controlled 

simultaneously using a matched feed instead of a conventional horn 

feed. The detailed studies of the sidelobe level control are given in 

this chapter. 

(a) The Mathematical Model  

A number of well established techniques are available, which can 

be used to determine the far-field of offset paraboloidal reflectors 

[10]-E12]. The best known of these techniques are the current 

distribution and the aperture field methods. Because the first method 

was used to evaluate the field of an axisymmetric reflector, it will 

also be used to study the performance of an offset one. 

The geometry of an offset reflector is shown in Figure (116), 

where 0 0  is the reflector offset angle, 6* is the half aperture 

angle seen from the focal point and F is the focal length of the 

parent parabola. Utilizing the physical optics currents the reflector 

secondary field can be computed from 

-jwp -jkr 
 2nr e 
rs (nxH.) exp (jki3•ar) ds (36) 



Ep 

Eq 

where Hi is the magnetic field of the illuminating feed, n is the 

unit normal to the reflector and a r  is the unit positional vector 

of the far field point. The radial vectors 17) and i are defined in 

Figure (116) and the integration is over the reflector surface. Using 

the third definition of Ludwig the expected Co and cross-polar field 

near the reflector axis can be computed from [10] 

-(1+cose)sinecosq) -cosesin 2q) + cos 2 (1) I x ' 
_iwu e-jkr 

2nr 
(37) 

where E and Eq  are the Co and the cross-polar components and 
P  

I A  - f s  (nxHi)-A exp(jki3.adds (38) 

the unit vector A representing x' and y', respectively. Once the 

feed radiation field Hi is defined the reflector patterns can be 

computed numerically. The detail of the work are omitted for brevity 

and can be found elsewhere [10] and [11]. 

(h) Depolarization Properties of Offset Reflector Antennas 

It has been known that if a paraboloid reflector antenna is fed by 

a linearly polarized feed which is not a balanced feed [1], the antenna 

will radiate energy in both copolar and cross-polar directions. For 

the offset paraboloid reflector, this depolarization always occurs 

even though it was fed by a balanced feed [12]. This depolarization 

effects originate entirely from the offset between the fed and the 

reflector axis, and vanishes only when the offset angle becomes zero. 
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The peak cross-polar levels radiated in the plane of the asymmetry 

(4) = 11/2) and as a function of the offset-reflector parameters 0 0  

and 0* are determined by Chu and Turrin [15], are shown in Figure 

(117) for a feed pattern of 10 dB edge illumination. Increasing the 

taper to 20 dB reduces the maximum cross polarization only by about 

1 dB. From these results, it is evident that the peak value of the 

reflector cross-polarization is dependent very largely upon the offset 

angle 0 0  and the angular aperture 6*, while it is relatively 

insensitive to the feed imposed illumination taper. The polarization 

loss-efficiency as a function of the offset reflector parameters e o  

and 0* are computed by Dijk, et al., [14] and are shown in Figure 

(118). From these results, it is clear that the loss of the aperture 

efficiency from depolarization tends to be small for values of 0 0  

and 6* less than 45 0 , but it can become significant for large angles. 

(c) Sidelot>es of Offset Reflectors  

Because an offset reflector does not suffer from the aperture 

blockage, its sidelobe levels depend on the feed illumination and the 

reflector parameters. In addition, it was mentioned, in the previous 

section that the cross-polar radiation level depend primarily on the 

reflector offset and the aperture angles. Thus, for a design of a 

reflector with satisfactory sidelobes and the cross-polarization an 

understanding the relationship between all these parameters is 

mandatory. Assuming a linearly polarized balanced feed with no 

cross-polarization, the computed sidelobe levels and the cross 
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polarizations are shown in Figure (119). The reflector aperture angle 

is selected as 6 0.6*-1-5 0 , to provide adequate clearance for the 

feed. This figure indicates data for a -10dB edge illumination with a 

subscript one and those for a -20 dB edge illumination with a subscript 

two. It is evident that decreasing the edge illumination does not 

affect the cross-polarization significantly. However,the sidelobes 

levels depend strongly on the field taper and decrease significantly 

for a -20 dB edge illumination. An interesting result to note is that, 

for both illuminations the sidelobe levels are identically the same, in 

both planes of symmetry and asymmetry, as long as the reflector offset 

angle.is  less than 30°. Also, for this range of the offset angle, the 

reflector generated cross-polarization is below -30dB level. 

From the above discussion it is clear that an offset reflector 

with 6 0  < 30 degrees can satisfactorily be used with a simple 

primary feed, without the necessity of using a dual mode matched feed, 

to lower the reflector depolarization. However, selecting 00 < 30° 

means longer focal length and inconvenience for the feed support. 

Thus, choosing 6 0  = 30° (6* = 25°) provides a satisfactory design 

parameter for the reflector. With these reflector parameters one can 

therefore select an appropriate feed illumination to achieve the 

desired sidelobe levels. 

In the remaining part of this section we have used the above 

reflector parameters to study the sidelobe levels of the antenna as a 

function of the feed radiation pattern. Similar to the case of an 

axisymmetric paraboloid discussed in the last section we will model the 



feed pattern by a cosme distribution (Ial(0)
1=Idi(e)

1=cosme,0<e< 

Since the offset reflector aperture angle of 25° is much less than that 

of a symmetric reflector the useful values of m to provide satisfac-

tory gain factor are relatively larger. 

Figures (120) to (123) show the computed radiation patterns for an 

offset reflector with a 24X projected aperture diameter. The frequency 

is 12 GHz and Figures (120) and (121) give the results for three 

different values of m and for an a-polarized feed. As expected, the 

pattern shapes are almost identical in both planes. Figures (122) and 

(123) show the results for a y-polarized feed, with results identical 

to the x-polarization cases. Figures (124) to (132) show the results 

for two different frequencies, namely, 11.3 GHz and 12.3 GHz. Because, 

the feed patterns are assumed the same, the reflector patterns are 

unchanged, indicating negligible effect of the offset configuration on 

the patterns. The computed cross-polarizations at 12. GHz are shown in 

Figures (133) to (138). The effects of the feed illumination, the 

frequency and the feed polarization seems negligible on the peak 

cross-polar levels, which are above -29 dB level. 

Summarizing the results Figures (139) and (140) show the level of 

the reflector sidelobe as a function of m, the feed illumination 

parameter. Since the gain factor of the reflector reduces with an 

excessive aperture tapering a compromize between the gain and the 

sidelobe levels must in practice be made. However, as Figure (141) 

shows the reduction of the reflector gain for m larger than its 

optimum value is not too significant. From these analysis we conclude 
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that an offset reflector with a gain factor larger than 70% can be 

designed simply to meet any sidelobe levels between -21dB to -35 dB. 

Selecting the reflector offset and aperture angles respectively at 30 0 

 and 25° also ensures the cross-polarization at about -30dB level, by 

utilizing a simple scalar feed. 

Noise temperature of an offset antenna is usually lower than that 

of an axisymmetric one, due to the fact that it has no aperture 

blockage and also the feed system, normally faces the cold sky. For 

the latter reason the contribution of the feed spillover to the antenna 

noise temperature is generally much lower. For two diffferent feed 

illuminations m=12 and m=22 and a reflector with a 48X aperture 

size the expected noise temperature data are computed approximately and 

are listed in Table XVI. 



TA,°K 

18.4 

20.5 

41.9 

G/TA,dB TA,°K 

29.83 

29.36 

26.26 

G/TA,dB 

33.2 

31.6 

26.77 

8.1 

11.8 

35.9 

50° 

300 

10° 

TABLE XVI 

Antenna Noise Temperature G/TA of an Offset Reflector Antenna 
Aperture = 48x 

Feed Illumination 

Antenna Elevatice'-, m=12 m=22 
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X PERFORMANCE OF REFLECTOR ANTENNAS WITH A CIRCULARLY POLARIZED FEED  

(a) Axisymmetric Reflector  

Generally, an axisymmetric reflector antenna, excluding the strut 

blockage, has a performance independent of the feed polarization. 

However, strut scattered field is dependent on the feed polarization 

and as such its performance for linear and circularly polarized feed 

will differ. The reception of circularly polarized signal has been 

discussed by Sinclair [16]. He has shown that, the voltage generated 

at the terminal of a circularly polarized antenna is given by 

V = h0 E0 +  h(1) E (39) 

where he and 14 are the polarization vectors of the circularly 

polarized antenna and E0 and E the polarization vectors 

of the signal. Using equation (39) one can, in general, obtain the 

response of the antenna for an incoming elliptically polarized signal, 

from which one can study the co-polar and the cross-polar components of 

the circularly polarized antenna. Here, for a right-hand circularly 

polarized wave the antenna response will correspond to the co-polar 

components and its response to a left-hand circularly polarized wave 

will denote the cross-polarization. In particular, in the principal 

planes, (1)=0 and 4.u/2, the co-polar and the cross-polar components 

will become the 6 and the cp-component contributions. Thus, utilizing 

the data of a linearly polarized feed, one can readily obtain the 

circularly polarized feed co- and the cross-polar data, simply by 

addition and subtraction of the copolar data. 
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From the above discussion it is evident that the sidelobe levels 

of a circularly polarized feed will be the average sidelobe levels for 

the x and the y-polarized feeds. For a quad-strut geometry a repre-

sentative data are shown in Figure (142), for a cose feed pattern. 

These co-polar and the cross-polar data may be compared with those of a 

y-polarized feed given in Figures (95) and (96). The co-polar pattern 

has somewhat lower sidelobe levels, but the cross-polar level is 

considerably higher, -37 dB, compared to -53 dB. However, the cross-

polar level is still satisfactory. Other antenna performance factors 

will be similar to the linearly polarized case, since the difference 

between the co-polar patterns is relatively small. 

(b) Offset Reflector  

An offset reflector has an inherent property that, it does not 

produce cross-polar component with a circularly polarized feed. As a 

result, its co-polar patterns are similar to the case of a linearly 

polarized feed. For this reason its pattern for a circularly polarized 

feed are not included. On the other hand, an offset reflector beam 

shifts away from the reflector axis, due to the circular polarization. 

The direction of the shift is different for the right or the left hand 

of the polarization. This beam shift, generally known as beam squint, 

can be calculated from [12] 

1 rxsineol  
s = sin -  L 4.1TF (40) 



where F is the focal legnth of the reflector. To indicate the 

magnitude of this beam shift we assume a frequency of 12GHz, 0 0=30 0 

 and ele=250 . For a 48). reflector aperture one finds. 

F  _ 48X coseo + cose*  
sine* = 50.32x 

4  

or (41) 

-1r  X sineo  
= x . 

1 - 0.048 degree %P s Sin L 6032XJ 

This beam shift angle is too small and is much less than the pointing 

accuracy of small earth-station antennas. Thus, the performance of an 

offset reflector with a circularly polarized feed is satisfactory 

provided that the above reflector parameters are selected. 
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XI CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK  

In this report we have studied the performance of both symmetric 

and offset reflectors and examined the level of their sidelobe and the 

cross-polarizations. For the symmetric antenna the effects of both 

central blockage, due to the feed, and the strut blockage were studied 

for the three strut configurations of J-hook, the tripod and the quad 

geometry. It was shown that, in all cases, the tapering of the 

apertures field reduces the sidelobe level, but the blockage affects 

the sidelobe levels of the heavily tapered illumination more signifi-

cantly. For this reason, the symmetric reflector generally has higher 

sidelobe levels than the offset one. The cross-polarization of both 

reflectors was found to be satisfactory. 

Among the three strut geometries, the quad-strut was found to have 

a distinct feature. When the quad-struts are selected to have an 

appropriate spherical shadow they produce patterns, in the 450  plane, 

which have sidelobes lower than the unblocked reflector. Thus, when-

ever possible this property of a quad-configuration can be used to 

generate super-low sidelobe antennas. Its sidelobes, however, are high 

in the principal planes. 

To study the cross-polarization of a symmetric reflector the 

current distributions on the struts were obtained, using the approxima-

tion of infinite struts. These current distributions were then used to 

determine the strut scattered field accurately. The cross-polar 

components were obtained and were found quite low. 
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To remedy the problem of high sidelobe of a symmetric reflector it 

was recommended that one may modify the reflector field illuminating 

the strut to generate a proper phase shift. One method to achieve this 

phase change was to use strips of appropriate thickness (about 0.3X to 

0.4X) just under each strut. The computed reflector patterns indicated 

that, this method of aperture phase change can enhance the antenna gain 

and reduce the near-in sidelobes. The problem was modelled approxi-

mately, using physical optic currents on the strips. In practice this 

model will provide inaccurate strip curents and an experimental inves-

tigation must be carried out to study its usefulness. 

The performance of an offset reflector was also studied. It was 

recommended that for a proper performance the offset and the reflector 

aperture angles must be selected less than 30° and 25°, respectively. 

With these parameters, the cross-polar radiation of the reflector, with 

asymmetric feed pattern, is below -29 dB, and its beam squint is negli-

gible. Its sidelobe level can then be reduced to very small levels by 

tapering the aperture field. 

The performance of both reflectors with a circularly polarized 

feed was also studied. It was found that in both cases the performance 

of the antenna for the co-polar radiation is similar to the linearly 

polarized case. The cross-polar radiation, however, was found to be 

higher. 

Various other techniques for reducing the sidelobes of a symmetric 

reflector were also discussed. It was then concluded that the most 

promising approach is to load the reflector with conducting strips 

under each strut. Because, this method was analyzed approximately, it 



is recommended that this method of sidelobe reduction be studied 

experimentally. 

As a recommendation for future work, we feel that the loading of 

the reflector be studied further. In practical situations loading the 

reflector must be handled carefully. Attaching strips to the reflector 

may not perform satisfactorily, since strip currents between the strip 

and the reflector surface may destroy the predicted behaviour. Thus, 

either strips must be carefully electrically shorted to the reflector, 

or, other geometries such as knife edge conductors, similar to SAVAC 

antenna [8] be employed. In all cases the reflector performance must 

be evaluated, so that, the optimum configuration may be obtained. 
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FIGURES 



OdB 

ai  
distance across aperture 

(a) 

1 • 0 

Figure 1. Effects of aperture distribution. (a) Type 

of aperture distribution assumed. (h) Variation 

of aperture efficiency with distribution para-

meters a, and Cds . (c) Variation of first side-
lobe level with a, and Cds. 
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Figure 2. Effect of central blockage on sidelobe level. (a) 

Effect of aperture blockage (Silver D ]) .  (b) 
Variation of first sidelobe level with aperture 

blockage. a-uniform illumination; b-10d edge taper, 

a = 0.5; c-10dB edge taper;  Œl = 0.25. 1 



Figure 3. -Reflector with absorbers mounted. 



Figure 4. Paraboloidal antenna with bent 

. struts. 

Figure 5. Paraboloidal antenna with small metal 

pieces attached to the feed struts. 
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(a) Radiation pattern of a 1.5-m paraboloidal 

antenna having four straight struts with 

smooth surfaces (11.5 GHz ) 

(h) Radiation pattern of a 1.5-m para-

boloidal antenna whose struts have 

been changed according to Figure 5 
(11.5 GHz ) 

Figure 6 

(c) Radiation pattern of a 1.5-m 

paraboloidal antenna with 

bent struts (11.5 GHz) 
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Figure 8. The SAR - 10.3 antenna, designed by SAVAC, 

International Inc. 



Figure 9. Paraboloid geometry 

Z 



Figure 10. Geometry of typical aperture 

blockage of reflector antenna 
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Figure 11. Strut geometry 
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Figure 12. Relation between single-prime and double-prime coordinate 

systems 
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Figure 13. Oblique view of double-prime coordinate 

system 
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CASE I 

J - HOOK 

The following figures are given in code as: 

JA XX YY 

indicates J - Hook supporting structure 

A indicates the feed polarization, E or H 

XX indicates the ratio of J - Hook location to the 
reflector radius. The maximum value is 1 which 
will be represented by XX equal to 10 

YY indicates the angle 4) (degree) at which the 

pattern is calculated 
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CASE II 

TRIPOD AND QUAD 

The following figures are given in code as: 

L M XX YY 

indicates the size of reflector diameter with 

A = 24x 

B  =36A  

C = 48x 

D = 72x 

indicates the number of struts 3 or 4 

XX indicates the ratio of strut location to the re- 

flector radius. The maximum value is 1 which will 

be represented by XX as 10 

YY indicates the angle (p (degree) at which the pattern 

is calculated 
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Figure 36. Tripod geometry 
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Figure 61. Quad geometry 
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Figure 70. Geometry of quad located at the rim of reflector 
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Figure 117. Peak cross-polar levels radiated in the plane of 

asymmetry (4)= w/2) as a function of the offset- 
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reflector parameters 0d and 0 (from A.W. Rudge, 

Proc. IEEE, vol. 66) 
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Figure 141(a). Dependance of the gain factor on angular aperture and feed pattern eo = 350  
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