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(ABSTRACT) 

This dissertation starts with a complete survey of the depolarization char- 

acteristics of axisymmetric and offset reflector antennas. Single and dual reflector 

configurations are considered. Cross polarization (XPOL) and beam squint are ex- 

amined in detail. Although many of the phenomena are known, they are interpreted 

and explained in new ways and presented in a single coherent treatment. 

It is shown that single offset reflector antennas are limited in performance 

by high XPOL. A cost effective way to improve the performance of an existing 

offset prime-focus reflector is to add a subreflector, forming a dual offset reflector 

system with very low cross polarization (e.g., -35 dB). The motivation to use a 

specified main reflector often arises from a desire to use an existing mold which is 

usually very expensive. Within this context, procedures to upgrade existing reflector 

configurations are developed and presented.



In addition, the influence of XPOL effects caused by low-cost, conventional 

feeds is analyzed in detail. A model for predicting the total system XPOL due to the 

reflectors and feed is discussed. Various techniques to reduce feed XPOL effects are 

introduced. Also, practical manufacturing constraints for large scale production are 

imposed on low-cost dual offset Gregorian reflector antennas. In particular, a design 

for adequate clearance between the bottom of the main reflector and feed axis is 

addressed. These constraints are not taken into account by other design procedures 

and are not addressed in the open literature. 

All innovative design algorithms developed in this dissertation were imple- 

mented as numerical codes referred to as DORA (Dual Offset Reflector Antenna 

Synthesis Package). DORA is a complete suite of codes for the synthesis of non- 

conventional, low-cost dual offset Gregorian reflector antennas with very low cross 

polarization. Several practical examples are discussed, including a performance as- 

sessment of the largest steerable reflector in the world, the Green Bank Radio Tele- 

scope located in Green Bank, West Virginia. 

Finally, an overview of the various analytical and numerical methods em- 

ployed in the analysis of refiector antennas is presented in the appendices. The philo- 

sophical differences between the methods are highlighted. In particular, the physical 

optics approach and the Jacobi-Bessel series expansion method are described in de- 

tail. The combination of these two formulations results in one of the most accurate 

and efficient numerical tools in the analysis of reflector antennas. This is shown 

with the developed code PRAC, Parabolic Reflector Analysis Code. The effective- 

ness of PRAC is confirmed through extensive comparisons with measured data and 

results obtained from the literature and with the commercial code GRASP7. Most 

of the reflector antenna configurations obtained from the procedures developed in 

this dissertation are analyzed with PRAC and/or GRASP7.
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Chapter 1 

Introduction 

Polarization is a basic characteristic of an electromagnetic wave and de- 

scribes the motion of the electric field vector at a fixed point in space as a function 

of time. The polarization of an antenna is the polarization of its radiated wave when 

operating in the transmitting mode. Generally, the polarization of any antenna sys- 

tem can be decomposed into two orthogonal components in the far-field, referred to 

as co-polarization and cross polarization, respectively. In the particular case of re- 

flector antenna systems, the co-polarization is usually taken to be the one presented 

by the feed antenna employed to illuminate the reflector(s). As a consequence, the 

cross polarization is orthogonal to the feed antenna main polarization. This agrees 

with Ludwig’s third definition of cross polarization [1] and is the one employed in 

the present study. Cross polarization level (XPOL) is defined quantitatively as the 

ratio of the peak in the cross-polarized radiation pattern to the peak value of the 

co-polarized pattern (i.e., the main beam peak), usually expressed in dB. 

Reflector antennas have been used in many applications requiring high gain 

at UHF frequencies and above. Through the past few decades designs have evolved 

through several forms for the purpose of improving electrical performance and/or



simplifying the mechanical structure; see Fig. 1.1. Performance parameters that 

are of prime interest are aperture efficiency, sidelobe level, and, more recently, cross 

polarization level. The most basic form is the single axisymmetric parabolic reflector 

shown in Fig. 1.1(a), which is still in widespread use primarily at low frequencies and 

for low-cost applications. Large reflectors frequently use an axisymmetric dual reflec- 

tor system with a parabolic main reflector as shown in Fig. 1.1(b). The subreflectors 

are hyperbolic (Cassegrain system) or elliptical (Gregorian system). These systems 

offer a shorter transmission line (or waveguide) run to the feed antenna. They are 

often used for earth terminal antennas in satellite communication networks because 

of the inherent low noise due to limited noise introduced by spillover beyond the 

subreflector that is directed to cold sky rather than hot earth in the single reflector 

case. 

Axisymmetric single and dual reflectors suffer from aperture blockage due 

to the presence of feed/subreflector and supporting mechanical structures in front 

of the main reflector aperture. This problem is solved by using an offset system 

with a main reflector that is a section of a parent reflector, normally a paraboloid of 

revolution, as shown in Figs. 1.1(c) and 1.1(d). The offset configuration allows even 

a relatively large electronics package to be placed near the feed horn without loss of 

performance. 

One of the largest markets for offset reflector antennas is for satellite com- 

munication earth terminals and, in particular, for Very Small Aperture Terminals 

(VSATs). VSAT systems are used for large retail chains such as Walmart and Kmart, 

banks, and car dealers such as GM and Chrysler. The VSAT market is expected to 

grow at arate of 20% per year [2]. Currently VSAT systems use C-band and Ku-band 

frequencies, with Ku-band being the most popular choice. Recently Ka-band has 

been pioneered by the experimental Advanced Communications Technology Satellite



Ca) Axisymmetric parabolic reflector 

Cassegrain Gregorian 

Cb) Axisyrmmetric dual reflector 

SS 
(cc) Offset parabolic reflector 

ee ae ) 

Cassegrain Gregorian 

Cd) Dual offset reflector 

Figure 1.1. The evolution of reflector antenna systems. The main reflectors are 

parabolic. In addition, cases (b) and (d) also have forms that use non-parabolic 

(“shaped”) main reflectors.



(ACTS). VSAT systems will experience even larger growth when operational Ka- 

band satellites become available. However, the inherently asymmetric geometry of 

the offset, single parabolic reflector leads to high cross polarization level (XPOL) 

(3, 4]. Increased XPOL degrades the isolation between orthogonally polarized chan- 

nels in frequency re-use systems. 

There are a few procedures available to reduce XPOL in single offset reflec- 

tors [5, 6]. However, they require the design and manufacturing of special feeds (5], 

lenses [6] and/or shaped reflectors [6]. This can lead to costly design and production, 

especially for wideband systems. A cost effective way to improve the performance 

of an existing offset prime-focus reflector is to add a subreflector, forming a dual 

reflector system with very low cross polarization. In recent years dual offset reflector 

systems have been used to achieve low cross polarization [3]. The Green Bank Radio 

Telescope, for example, can be operated as a single offset system or as a dual offset 

Gregorian configuration optimized for low XPOL |7, 8]. 

Both axisymmetric and offset dual reflector systems of Figs. 1.1(b) and 

1.1(d) can be shaped to increase aperture efficiency. The axisymmetric, dual shaped 

reflector was introduced in the 1960’s [9] and is popular for large earth station an- 

tennas. The offset, dual shaped reflector has a demonstrated aperture efficiency of 

84.9% [10] and will gain popularity in the future. 

This dissertation focuses on the use of sophisticated low cross-polarized re- 

flector antenna systems applied to low-cost applications. In particular, we consider 

single and dual offset systems with a parabolic main reflector. This permits the use 

of the same main reflector in both single and dual reflector configurations, greatly 

reducing cost. The motivation to use a specified main reflector often arises from a 

desire to use an existing mold which is usually very expensive. In the present work,



this problem is referred to as reflector system upgrading. Methods for upgrading 

existing prime-focus reflector systems in a general and systematic way have not been 

published. 

Since the proposed problem is based on a practical setting, cross polarization 

effects of conventional, low-cost feeds are accounted for in the analysis. The influence 

of feed XPOL on the total reflector system XPOL is investigated in detail. Many 

applications impose limitations on system XPOL. For example, the EUTELSAT 

specification for VSAT communications is -35 dB within the -1 dB contour of the 

main beam [11]. In the present work, an effort is made to achieve -35 dB XPOL over 

a broad pattern region (i.e., main beam and near-in sidelobes), thus satisfying the 

EUTELSAT requirement. Single offset reflectors illuminated by conventional feeds 

usually present a XPOL level much higher than -35 dB [4]. 

In addition, we investigate practical manufacturing constraints for the mass 

production of low-cost dual offset Gregorian reflector antennas. In particular, the 

problem of obtaining clearance between the feed axis and the bottom of the main 

reflector is analyzed in detail. This allows access to the feed antenna with a straight 

section of waveguide, thus reducing the complexity and cost of the manufacturing 

process. The Gregorian configuration is selected based on the fact that our analysis 

includes the use of just fully offset paraboloids as main reflectors (i.e., the bottom of 

the reflector just touches its axis of symmetry). These reflectors are widely employed 

in commercial applications. A Cassegrain configuration is more appropriate for main 

reflectors that are not just fully offset; see Section 3.2 for further information. How- 

ever, this is not a restriction since all derivations presented in this work are valid 

for main reflectors with any degree of offset. An example of a dual offset Gregorian 

configuration employing a main reflector that is not just fully offset is the Green 

Bank Telescope {7, 8]. The Gregorian configuration permits the main reflector to be



used as a prime-focus offset system without the need of removing the subreflector. 

This is not possible with a Cassegrain configuration [7]. The Green Bank Telescope 

Reflector Antenna is discussed in detail in Section 5.5. 

Chapter 2 presents a complete survey of the various depolarization proper- 

ties of single and dual reflector antennas. Although many of the results are known, 

they are interpreted in new ways and presented in a single coherent treatment. An 

in-depth understanding of the cross polarization behavior of offset reflector anten- 

nas is essential for achieving effective designs, as it will be shown throughout the 

dissertation. 

The motivation, requirements, and design methodology to upgrade reflector 

systems are discussed in Chapter 3. The influence of feed XPOL on system XPOL 

is addressed in Chapter 4, including a simple prediction model and a new technique 

to reduce XPOL effects of a certain class of feed antennas. Chapter 5 introduces 

original procedures for reducing system XPOL while enforcing practical constraints 

for low-cost production of dual offset Gregorian reflector antennas. 

The problem of shaping subreflectors for system XPOL reduction is ad- 

dressed in Chapter 6. The shaping algorithm is based on the gradient method, 

which has never been used in the fashion described in this work. Chapter 7 presents 

two original ideas that can be used as future dissertation topics. The major con- 

clusions derived from this work are summarized in Chapter 8 and all references are 

listed in Chapter 9. 

A compendium of various methods for the analysis of reflector antennas is 

presented in a historical fashion in Appendix A (Chapter 10). In particular, the 

physical optics approximation [12] and the analytically sophisticated Jacobi-Bessel 

series expansion method [13, 14] are discussed in detail. These formulations were 

implemented numerically by the author in the Parabolic Reflector Analysis Code,



PRAC, which is described in Appendix B (Chapter 11). The accuracy of PRAC 

is confirmed by extensive comparisons with measured data and results available in 

the literature or obtained from other codes. Most of the reflector antenna configura- 

tions obtained from the procedures developed in this dissertation are analyzed with 

PRAC and/or the commercial code GRASP7 (General Reflector Antenna Synthesis 

Package) [15]. 

Finally, the Mizugutch condition [16] is derived in Appendix C (Chapter 

12). Enforcement of this condition assures minimum XPOL in dual offset reflector 

antennas illuminated by a purely polarized feed. The Mizugutch condition is used 

as the starting point in most of the procedures developed in this dissertation for the 

synthesis of dual offset reflector antennas.



Chapter 2 

Depolarization Properties of 

Reflector Antennas 

2.1 Introduction 

This chapter combines results from a computational study with previously 

reported properties of single axisymmetric and offset parabolic reflectors into a com- 

plete explanation of cross polarization (XPOL) and beam squint phenomena of re- 

flector antennas. Both linearly polarized (LP) and circularly polarized (CP) feeds are 

examined. This permits a comparison between the polarization and beam pointing 

characteristics of most single parabolic reflector configurations. Emphasis is given to 

explaining the absence of XPOL and the mechanism for generating beam squint in 

offset parabolic reflectors illuminated by a CP feed. Although many of the phenom- 

ena are known, they are explained in new ways and presented in a single coherent 

treatment. An in-depth understanding of the XPOL behavior of offset reflector an- 

tennas is necessary for achieving effective reflector antenna designs. In addition, the



behavior of gain, sidelobe level and XPOL as a function of feed pointing angle is 

investigated in detail. Finally, the results for polarization and beam squint charac- 

teristics of prime-focus offset parabolic reflector antennas are extended to dual offset 

configurations. 

2.2 The Study Configuration 

2.2.1 Single Paraboloid Geometry 

The geometry for a general offset parabolic reflector is shown in Fig. 2.1 and 

the associated symbols are defined in Table 2.1. In this chapter, with the exception 

of Section 2.3.3, the feed pointing angle w; is fixed such that 

by = vB (2.1) 

where yg is the angle which bisects the angle that subtends the reflector; see Table 

2.1 for further information. An axisymmetric parabolic reflector is a special case 

where 

D=D, (2.2) 

H=0 

which leads to 

py= yp =0° (2.3)



        

  

    
    

Figure 2.1. Geometry for the offset parabolic reflector. See Table 2.1 for definitions 

of parameters. 
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Table 2.1. 

Definitions of Symbols 

D = Diameter of the projected circular aperture of the parabolic main reflector. 

D, = Diameter of the projected circular aperture of the parent paraboloid. 

h = Offset distance = Distance from the axis of symmetry (s) to the lower reflector 

edge. 

H = Offset of reflector center = Distance from axis of symmetry (s) to center of 

reflector = D/2+h. 

F = Paraboloid focal length. 

F/D, = “F/D” of parent paraboloid. 

wb; = Angle of feed antenna pattern peak relative to reflector axis of symmetry (s); 

the feed is directed toward point P. 

wp = Value of w+ which bisects the reflector subtended angle; i.e. feed is aimed at 

point B (py = op) and pp = bs + YL. 

wo = Value of + when the feed is aimed at the reflector point C corresponding to 

the aperture center. 

we = Value of ~; that yields an equal edge illumination. 

wp = Angle from lower edge of dish to feed pointing direction; »; = pz + wp. 

ws = Half of the angle subtended by the reflector as viewed from the focal point. 

ll



Table 2.1. (cont.) 

Point A = Apex of parent reflector. 

Point B = Point on main reflector which bisects subtended angle viewed from focal 

point. 

Point C = Point on main reflector which projects to the center of the projected 

aperture. 

Point P = Point on main reflector corresponding to the ray arising from the peak 

of the feed pattern; P is in the xz-plane. 

Point F = Focal point. 

FT = Feed edge taper; FT > 0. 

SPL = Spherical spreading loss; SPL > 0. 

EJ] = Edge illumination; E] = -(FT + SPL). 

Coordinate system {z,y,z} = Reflector coordinate system 

Coordinate system {x;,ys,z;} = Feed coordinate system 

Coordinate system {2,,¥o,Z.} = Output coordinate system; the far-field patterns are 

expressed in this coordinate system. The z,-axis is aligned with the projection 

of the feed polarization in the aperture. 

Angle ¢; = Rotation of feed (clockwise when looking at it) and output coordinate 

system (counter-clockwise). For ¢; = 0° , the LP feed is xs-polarized. 

12



For the just fully offset case 

D = D,/2 (2.4) 

H = D/2 

and the feed pointing angle wy is given by [12] 

by = Ye = bu /2 = tan aa (2.5) 

2.2.2 Balanced and Unbalanced Feeds 

The electrical performance of a reflector antenna cannot be determined with- 

out a proper description of the feed antenna employed to illuminate the reflector(s). 

The radiation pattern of an idealized feed with a fixed phase center can be described 

as [3] 

ee 

[By Co(Os) cos dr — by Co(Os) sin 5] (2.6)   E,(*;) = r 

where C's(6;) and C4(@;) denote the feed pattern cuts in the E-plane (¢ = 0°) and 

H-plane (¢ = 90°), respectively. This is, most of the time, all that is known. It is 

assumed that the feed is purely linearly polarized in the z;-direction. A ys-polarized 

feed pattern may be obtained from (2.6) by replacing the argument ¢; with ¢;—7/2. 

In addition, a circularly polarized feed can be obtained by combining the z ;-polarized 

feed pattern in (2.6) with a y;-polarized feed pattern that is in phase quadrature (i.e., 

multiplied by a factor of 7) [14, 17]. 

13



The feed is defined “balanced” (i.e., the primary radiation pattern is sym- 

metric in ¢;) for Ce(#;) = Cg(6s). In that case, (2.6) reduces to 

+ eI8rs 

E;(ry) = C(6s) (8; cos dy — df sin dy] (2.7) 
Yt 

  

Examples of balanced feeds are given below [15, 18]: 

C(6s) = 1+ cos(6;) Huygen’s source, (2.8) 

C(6;) = cos?(@;) Cos? feed model (2.9) 

and 

$ (07 18y0)| 
C(6Os) = Cytol Gaussian feed model (2.10) 

where A; is the amplitude level in dB at 6; = 09. The gain normalization constant 

Go is found by numerical integration of (2.10) [15]. The cos? feed model given in (2.9) 

is used in the Parabolic Reflector Analysis Code, PRAC, described in Appendices 

A and B (Chapters 10 and 11). The current version of PRAC does not handle CP 

feeds and cannot generate uv-contour plots directly and therefore is not used in this 

chapter. 

The physical optics portion of the commercial code GRASP7 [15] was used to 

generate all far-field pattern cuts and uv-contour plots presented in this chapter. The 

physical optics formulation applied to the analysis of reflector antennas is explained 

14



in detail in Appendix A (Chapter 10). This approach is reportedly more accurate 

than other methods (e.g., geometrical optics), especially for the determination of the 

cross-polarized fields [19]. Since they are of main importance for the present study, 

physical optics was employed by GRASP7 and PRAC in all computer simulations 

presented in this dissertation. Furthermore, only the main lobe and near-in sidelobes 

are considered, since the method fails to determine the far-out sidelobes and back- 

lobe region accurately. A combination of physical optics and approaches based on 

diffraction theory is preferable in those situations [12, 20, 21, 22]. However, this was 

not performed in the present study since the pattern region close to boresight (i.e., 

main lobe and near-in sidelobes) is, most of the time, the region of interest when 

analyzing high-gain antennas, such as the reflector antennas considered here. 

In all computer simulations presented in this chapter, the feed is modeled 

using the symmetric (“balanced”) Gaussian radiation pattern of (2.10) with a 10-dB 

beamwidth of 70° shown in Fig. 2.2. The feed polarization can be LP or CP and 

the feed can be located on or off the paraboloid focal point. We also comment on 

how an unbalanced feed (i.e., the primary radiation pattern is not symmetric in ¢,) 

affects the electrical performance of reflector antennas. 

2.3 Cross Polarization in Single Reflector Con- 

figurations 

2.3.1 Axisymmetric Reflectors 

Baseline axisymmetric and offset reflector configurations were selected to 

facilitate performance comparisons; the configuration parameters are listed in 
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Table 2.2. We first examine the axisymmetric reflector of Table 2.2 using a bal- 

anced feed with the Gaussian pattern of Fig. 2.2 and purely linearly polarized along 

the x-axis; that is ¢; = 0°. The computed level of XPOL displayed in Fig. 2.3 

is very low (maximum of -65.35 dB). Typically, the feed assembly and supports 

(not considered here) will create more XPOL than this. Therefore, reflector-induced 

XPOL in axisymmetric reflectors illuminated by balanced feeds is often negligible. 

According to Fig. 2.3, the XPOL peaks are all located in the 45° planes. The gain 

G is 48.62 dBi and the half-power beamwidth HP is 0.72° for all ¢. The computed 

performance values are summarized in Table 2.3. 

Next the LP feed is rotated so that ¢; = 30°. This is done in order to 

investigate the XPOL arising from a CP feed by examining instantaneous electric 

fields. Figure 2.4 shows that the generated far-field XPOL contour plot is also rotated 

by 30° as expected. Note that since the output coordinate system x,y,z. has been 

rotated by 30°, the z-axis (of the antenna coordinate system) is no longer coincident 

with the z,-axis (radiation is z,-polarized). The output coordinate system 2,Yyo2Z5 

is rotated in order to have the projections of z; and y; (i.e., Z, and g,) be the 

co and cross polarizations directions, respectively. In a measurement setup this is 

equivalent to rotating the transmitting antenna to align its main polarization with 

the polarization of the antenna under test. Although not shown in Fig. 2.4, the 

co-polarized pattern plot is the same as the co-polarized pattern plot of Fig. 2.3. 

Figure 2.5 shows the aperture fields for an axisymmetric parabolic reflector 

fed by a vertically polarized dipole [23]. It is interesting to examine the electric field 

vector components in the reflector aperture. It is easy to see that the XPOL peaks 

are located at the 45° planes. This applies to the reflector far-field also, but XPOL 

is canceled in the principal planes. We can state then that the more “balanced” is 

the feed, the lower is the XPOL level on the aperture plane. Thus, we expect high 
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Table 2.2. 

Baseline Configurations 

(a) Main Reflector Configuration 

Shape 

Projected diameter (D), A 

Parent reflector diameter (D,), A 

Focal length (F) 

Offset of reflector center (#7), 

(b) Feed Configuration (on-focus) 

Polarization 

Pattern shape 

Gain (Gy), dBi 

10-dB beamwidth, degrees 

Feed pointing angle (W;), degrees 

Edge Illum. (Lower,Upper), dB 

18 

Axisymmetric 

Paraboloid 

171.0 

171.0 

0.3 D, 

0.0 

Linear (z;) 

Gaussian 

14.04 

70.0 

0.0 

(-56.8,-56.8) 

Offset 

Paraboloid 

85.5 

171.0 

0.3 D, 

42.75 

Linear (zy) 

Gaussian 

14.04 

70.0 

39.81 

(-13.0,-17.6)
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Figure 2.3. Contour plots (dB) of the computed co- (dashed curves) and cross- 

polarized (solid curves) patterns of the 171- diameter axisymmetric parabolic reflec- 

tor specified in Table 2.2. The balanced feed is linearly polarized in the z y-direction 

(¢, = 0°). 
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Figure 2.4. Contour plot (dB) of the computed cross-polarized pattern of the 171-2 

diameter axisymmetric parabolic reflector specified in Table 2.2. The LP balanced 

feed and the output coordinate system are rotated by 30°. 

20



Table 2.3. 

Computed Performance Values for the Reflectors of Table 2.2 

Main Reflector Configuration Axisymmetric Offset 

Gain (G), dBi 48.62 47.39 

Cross polarization level (XPOL), dB -65.35 -22.40 

Side lobe level (SLL), dB -72.89 -31.90 

Half-power beamwidth (HP), degrees 0.72 0.92 

XPOL components in the 45° planes for an unbalanced feed, such as a dipole along 

the z;-axis. If we change the feed in such a way that it becomes more and more 

“balanced”, the curves in Fig. 2.5 will tend toward straight lines. However, there 

will always exist a residual cross-polarized field, even for ideal balanced feeds such 

as the Huygen’s source, due to axial current flow [18]. 

2.3.2 Just Fully Offset Reflectors 

Cross polarization behavior of offset reflectors is illustrated with a derivative 

of the 171 axisymmetric parent reflector of Table 2.2. The portion of the upper 

half of the axisymmetric reflector is retained such that the offset reflector of a 85.5 

X aperture (projected) diameter is just fully offset (i.e., H = D/2 in Fig. 2.1). The 

offset reflector corresponds to a 1.8-m diameter VSAT earth terminal antenna oper- 

ating at 14.25 GHz. This is the 1.8-m reflector of a large commercial manufacturer of 

reflector antennas. If the feed remains pointed at the apex of the parent paraboloid 
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Figure 2.5. Typical aperture field distribution for an axisymmetric parabolic reflector 

illuminated by an unbalanced feed, such as a vertically polarized dipole. The arrows 

indicate the magnitude of the co- and cross-polarized components of the electric field 

(i.e., along the x- and y-directions, respectively). 
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(i.e., py = 0°), negligible XPOL will be generated [4]. However, this leads to large 

spillover and consequently gain loss. Therefore, in practice the feed is tilted to direct 

its pattern toward the reflector. This, however, introduces high cross polarization. 

The influence of the feed pointing angle, 7, on the electrical characteristics of offset 

parabolic reflector antennas is discussed in the next section. 

The offset configuration of Table 2.2 is not symmetric about the yz-plane 

(normal to the plane of symmetry), and therefore the cross polarization is not can- 

celed in this plane as in the axisymmetric case. In fact, the peak XPOL levels occur 

in the yz-plane. However, reflector symmetry is still present about the rz-plane, 

and no substantial XPOL occurs in that plane. These results are well known [17] 

and are demonstrated for the offset reflector example with the XPOL contour plot 

shown in Fig. 2.6, for which the feed has a pointing angle of ~; = ~g = 39.81°. The 

feed again has the pattern of Fig. 2.2. The performance values are summarized in 

Table 2.3. The computed peak XPOL is -22.4 dB relative to the co-polarized beam 

maximum. Figure 2.6 indicates that the co-polarized pattern is still symmetric. It 

is worth noting that the peak XPOL levels occur at about the -6 dB level of the 

co-polarized main beam. A XPOL level of about -22 dB is often unacceptable high. 

The possibility of upgrading an existing single reflector configuration to a low cross- 

polarized dual offset Gregorian reflector antenna is investigated in detail in the next 

chapter. 

In contrast to an axisymmetric paraboloid, rotation of a LP feed at the 

focal point of an offset reflector does not cause a corresponding rotation of the far- 

field pattern. This is illustrated with the example of an offset reflector with a feed 

rotated by an angle ¢+ = 30° and tilted by 7; = 39.81°; the geometry is still given by 

Table 2.2 (offset case), although the feed is now rotated by 30°. Examination of the 
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reflector XPOL with a rotated LP feed also permits investigation of the instantaneous 

behavior of the XPOL generated by a CP feed. The XPOL contour plot (far-field) 

for this configuration is shown in Fig. 2.7. Although not shown, the co-polarization 

contour plot is equal to that of Fig. 2.6. Note that the secondary XPOL pattern 

remains stationary as the feed is rotated, provided that the output coordinate system 

is also rotated (see Section 2.3.1 for further details). This is because the polarization 

vector rotates with the feed. This conclusion was confirmed by extensive computer 

simulations and has been previously noted in the literature [24, 25]. 

As the electric field vector of a CP wave from a feed rotates with time (e.g., 

clockwise viewed along the direction of propagation), the field radiated from the 

reflector will also rotate in the same clockwise direction (although in the opposite 

direction of propagation). It will not move “backwards” presenting an instantaneous 

counterclockwise motion. Thus, although at each rotation angle there are high LP 

cross-polarized fields present in both the aperture distribution and far field pattern 

of the offset reflector (see Fig. 2.7), no circular XPOL is present in the radiated field. 

Thus, we conclude that the offset parabolic reflector does not generate cir- 

cular XPOL when illuminated by a balanced CP feed. This is a general result, not 

limited to just fully offset paraboloids. Also, due to sense reversal encountered upon 

reflection from the main reflector, the sense of the far field radiation is opposite 

to that of the feed {17}. For example, a right hand circularly polarized (RHCP) 

feed produces a left hand circularly polarized (LHCP) radiation in the reflector far 

field. Although CP is not depolarized by an offset reflector, the beam is squinted 

as explained in the Section 2.4. It should be mentioned that our analysis assumes 

a reflector diameter of at least 12 . Substantial circular XPOL can occur in small 

offset paraboloids (D < 12) with short focal lengths (F'/D, < 0.25). This problem 

is addressed in Section 2.4. 
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Figure 2.7. Contour plot (dB) of the computed cross-polarized pattern of the 85.5-A 

diameter just fully offset parabolic reflector specified in Table 2.2. The LP balanced 

feed and the output coordinate system are rotated by 30°. 
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Finally, for completeness, Fig. 2.8 shows the aperture field orientation lines 

for an offset reflector illuminated by a x;-directed dipole, as in Fig. 2.5 [26]. It is 

important to note that the field lines in Fig. 2.8 are not the same as those in the 

upper section of Fig. 2.5. The aperture distribution is altered due to the tilting of 

the feed (w;); see Fig. 2.1. This causes the electric field vector to point away from 

the xz-plane (plane of symmetry) at all points in the aperture, in contrast to the 

axisymmetric case where the electric field points toward the rz-plane. This is not 

true for a feed with y;-polarization since the tilting is restricted to the rz-plane and, 

therefore, does not alter the orientation of the electric field vector. In that case, the 

field lines in the aperture of the offset reflector are the same as those in the upper 

section of Fig. 2.5 after being rotated by 90°. All results presented in this section 

are also valid for the case where H > D/2 (1.e., general offset reflectors) addressed 

in the next section. 

2.3.3. General Offset Reflectors 

In this section we investigate the influence of the feed pointing angle, wy, 

on cross polarization, gain, and side lobe level of offset reflectors having H > D/2 

(.e., general offset reflectors). Scattering from support structures is not included, 

but for an offset configuration these are typically negligible. In order to cite specific 

performance values, a specific configuration must be selected. We choose a reflector 

of diameter 

D = 85.5 2 (2.11) 
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Figure 2.8. Typical aperture field orientation for an offset parabolic reflector illumi- 

nated by an unbalanced feed. 
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The reflector curvature is governed by 

F/D, = 0.3 (2.12) 

To be completely general, our study was conducted for a more than fully offset 

reflector (H > D/2). This provides a blockage-free region for structures in the focal 

region. The offset distance is 

H=— (2.13) 

corresponding to a geometry that is popular in VSAT applications. 

The feed is modeled using the symmetric (”"balanced”) Gaussian radiation 

pattern with a 10 dB-beamwidth of 70°; see Fig. 2.2. This leads to a feed taper 

of FT; = 10.0 dB, FTy = 10.0 dB and edge illuminations of EJ, = -10.1 dB, Ely 

= -14.6 dB for the case of F/D, = 0.3, H = 5D/8 and the feed pattern maximum 

pointed to bisect the angle subtended by the reflector (ws = wg). The feed is linearly 

polarized along the z;-direction, i.e. in the plane of offset. Note that feed taper does 

not strongly influence cross polarization; increasing feed taper from 10 to 20 dB 

reduces maximum cross polarization by only 1 dB [24]. 

Figure 2.9 shows XPOL, G, and SLL as the feed pointing angle is varied 

for the configuration of (2.11), (2.12), and (2.13). Note that XPOL decreases with 

decreasing feed angle, 7;. However, the gain and side lobe level must be evaluated 

as wy is varied to ensure that there is no sacrifice in primary performance. We note 

from Figure 2.9 that the gain curve has a broad peak, and side lobe level is not very 

sensitive to feed pointing. In this analysis only the near-in sidelobes are considered. 
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For approximate designs, as is often sufficient in practice, the feed is aimed 

within the range 

40° < vy < 60° (2.14) 

in order to keep spillover losses (and subsequent gain loss) reasonable. Note that 

the values in (2.14) correspond to angles within +10° of the bisecting angle ~g. For 

peak gain operation, the feed must be pointed with an angle of wy; = 47°, which 

yields a peak gain of G = 47.52 dB. 

A classical design scenario has now emerged. The feed angle, y;, is reduced 

until desirable cross polarization performance is achieved or until gain is reduced as 

far as can be accepted. If, on the other hand, side lobe performance is a critical 

performance parameter, the feed pointing angle can be optimized to yield near the 

lowest SLL, with only small penalties in G and XPOL. It turns out that this operating 

point produces a balanced aperture illumination. That is, for a feed pointing angle 

of wy = te the edge illumination levels (in the plane of offset) in the aperture are 

equal, yielding a near-minimum sidelobe level. Figure 2.10 shows the side lobe level 

for our study configuration over the practical feed pointing angle range of (2.14). 

The feed pointing angle value of 

ps = Ye = 49.58", (2.15) 

determined as discussed in the next paragraphs, falls near the local minimum SLL 

= -30.06 dB. 
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We now describe how to obtain the feed pointing angle, ;, that yields a 

specified difference in edge illuminations: 

AEI = Ely - El, [dB] (2.16) 

The negative of edge illumination is the sum of the feed edge taper, FT, and the 

spherical spreading loss, SPL. So (2.16) can be expressed as 

PT,4+ SPL, = FTIy+SPly+Akl (2.17) 

For a parabolic reflector, spherical spreading loss is given by [12] 

SPL(b) = —20 log cos 7 (2.18) 

Substituting (2.18) into (2.17) yields the design equation [4] 

[cos eu 

[cos 42] 
  MFT = PT, ~ FTo = Wl \ + api (2.19) 

We illustrate the use of (2.19) for the case of a balanced aperture illumina- 

tion; i.e., AE] = 0, for the offset geometry of Fig. 2.10 (D = 180 cm, H = 5D/8, 

and F/D, = 0.3). According to [3], the angles to the upper and lower edges of the 

reflector are wy = 79.61° and wz = 10.58°, respectively. The design equation (2.19) 

gives 

AFT = 4.5 dB (2.20) 
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The angle between the upper and lower edges is 

dws = (bu — br) = 69.03° (2.21) 

We introduce the graphical technique illustrated in Fig. 2.11 for determining 

the feed pointing angle required to produce the feed taper imbalance (2.20), which 

in turn yields a balanced edge illumination. The graphical technique is especially 

useful with measured feed pattern data; if the analytical form of the feed pattern 

is available, (2.17) can be solved using a numerical routine. The design starts by 

cutting a piece of gridded paper (with the same scale used in the plot of the feed 

pattern) with a width given by (11). The reference points 0 and AFT are marked as 

shown in Fig. 2.11. Finally, the marked piece of paper is moved on the feed radiation 

pattern plot until points 0 and AFT fall on the feed pattern curve. Next, the value 

of the angle between the pattern peak and the lower edge point, AFT’, is read from 

the graph; in this example 

pp = 39.00° (2.22) 

Finally, the feed pointing angle is computed by adding wz to wp; in this example we 

have 

be = vit dp = 10.58° + 39.00° = 49.58° (2.23) 
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All results presented in this section are also valid for the just fully offset case 

described in Section 2.3.2. In fact the just fully offset reflector can be viewed as a 

particular case of the general offset reflector geometry. When an offset reflector is 

illuminated by a balanced CP feed no substantial XPOL is generated, but the main 

beam squints off boresight. The beam squint phenomenon is is addressed in the next 

section. 

2.4 Beam Squint In Single Reflector Configura- 

tions 

Reflector antennas experience what is known as beam deviation and beam 

squint, which are now defined. As a feed is displaced from the focal point of a 

reflector, the pattern main beam is scanned to the opposite side of the reflector 

axis. This is referred to as beam deviation, and arises from a tipping of the aperture 

field phase plane relative to the reflector aperture plane. The main beam direction 

determined based on these considerations is herein referred to as the reference axis, 

which is tilted from the reflector axis (i.e., the z-axis in Fig. 2.1) according to the 

amount of feed displacement. For configurations employing a feed located at the 

paraboloid focal point, the reference axis is coincident with the reflector axis. 

Beam squint is defined as the displacement of the main beam off the reference 

axis, and normally occurs in the plane orthogonal to the plane of symmetry (zz-plane 

in Fig. 2.1) and containing the reference axis. This is the yz-plane of Fig. 2.1 for 

feeds located at the focal point. Beam squint occurs in offset parabolic reflectors 

with CP feeds located on or off the focal point [27] and in axisymmetric parabolic 
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reflectors with CP feeds displaced from the focal point [27, 28]. In the configurations 

employing an off-focus CP feed, both the squint and deviation effects are present at 

the same time. 

A somewhat surprising result is that beam squint can also occur with LP 

feeds in small offset parabolic reflectors (D < 12A) with short focal lengths (F'/D, < 

0.25) [29]. The squint is now restricted to the xz-plane of the offset reflector (plane of 

symmetry) and becomes negligible for most practical applications when the reflector 

is larger than 12 A [29]. In order to verify this effect, we consider the small, just 

fully offset parabolic reflector specified in Table 2.4. The feed is linearly polarized 

in the z-direction with the pattern shown in Fig. 2.2. The co-polarized pattern 

cut computed by GRASP7 in the plane of symmetry, ¢ = 0°, is shown in Fig. 2.12. 

Note that the main beam peak of gain 23.9 dBi is squinted -0.45° from boresight. 

As already mentioned in Section 2.3, linear XPOL in the plane of symmetry is very 

low (below -140 dB for this example). However, the squint effect can deteriorate the 

circular polarization performance for this class of small offset reflectors, introducing 

substantial circular XPOL (e.g., -30 dB) (29]. It should be mentioned that no squint 

occurs if the feed is polarized in the y-direction. 

With the exception of the aforementioned case, beam squint occurs whenever 

[27]: 

1) The reflector depolarizes the primary radiation, and 

2) The orthogonal components of the incident field are not in phase. This is the case 

for a circularly polarized feed antenna. 
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Table 2.4. 

Offset Reflector Configuration Employed in the LP Beam Squint Study 

(a} Main Reflector Configuration Offset 

Shape Paraboloid 

Projected diameter (D), > 6.0 

Parent reflector diameter (D,), 12.0 

Focal length (F) 0.25 D, 

Offset of reflector center (H), A 3.0 

(b) Feed Configuration (on-focus) 

Polarization Linear (x;) 

Pattern shape Gaussian 

Gain (G;), dBi 14.04 

10-dB beamwidth, degrees 70.0 

Feed pointing angle (w;), degrees 45.00 

Edge Illum. (Lower,Upper), dB —_(-16.5,-22.5) 
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Figure 2.12. Pattern main beam computed for the just fully offset parabolic reflector 

specified in Table 2.4 with a LP feed located at the focal point. The pattern was 

computed in the plane ¢ = 0° (plane of symmetry). Note the beam squint from the 

boresight axis. 
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A practical formula for the prediction of the beam squint angle 0s in offset 

parabolic reflectors with on-focus CP feeds is derived in [30], and for the geometry 

of Fig. 2.1 is given by 

  Os = + sin7! (Se) (2.24) 

where F is the focal distance, and k is the free space wave number 27/. A negative 

6s means that the beam is squinted toward the left (LHCP feed), and conversely, a 

positive 65 indicates a squint to the right (RHCP feed). Equation (2.24) shows that 

the amount of squinting is inversely proportional to the focal distance F’. That is, 

longer focal length reflectors experience less beam squint. If the feed is displaced 

from the focal point, an equation similar to (2.24) is derived in [27]. 

As an illustrative example, we consider the just fully offset configuration 

specified in Table 2.5 with a CP feed with the pattern of Fig. 2.2; this geometry was 

selected because it is used in VSAT applications at 18.5 GHz and measured data 

are available [3, 24]. Figure 2.13 shows co-polarized pattern cuts computed using 

GRASP7 in the ¢ = 90° plane (i.e., normal to the plane of symmetry) with opposite 

sense CP feeds. For the RHCP main beam case (the feed is LHCP) the squint is to 

the left as observed in Fig. 2.13. Conversely, the LHCP main beam squints to the 

right. From Fig. 2.13 we note that the angle between the two beams (total beam 

separation) is 0.700°, which compares favorably with the value of 0.686° from (2.24). 

The reported measured value (24, 3] is 0.750°. Although not shown in Fig. 2.13, 

circular XPOL is low (maximum of 42.71 dB below the gain of 33.88 dBi for any of 

the feed polarizations). 
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Table 2.5. 

Offset Reflector Configuration Employed in the CP Beam Squint Study 

(a) Main Reflector Configuration Offset 

Shape Paraboloid 

Projected diameter (D), 18.8 

Parent reflector diameter (D,), A 37.6 

Focal length (F) 0.25 D, 

Offset of reflector center (H), A 9.4 

(b) Feed Configuration (on-focus) 

Polarization Circular 

Pattern shape Gaussian 

Gain (Gy), dBi 14.04 

10-dB beamwidth, degrees 70.0 

Feed pointing angle (ws), degrees 45.00 

Edge Illum. (Lower,Upper), dB —(-16.5,-22.5) 
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Figure 2.13. Computed RHCP (solid curve) and LHCP (dotted curve) far-field 

patterns in the ¢ = 90° plane (normal to the plane of symmetry) for the 18.8 \ just 

fully offset paraboloid specified in Table 2.5. Note the beam squint effect. 
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Summarizing, offset parabolic reflectors illuminated by a CP feed do not 

present substantial XPOL, as explained in Section 2.3; however, beam squint does 

occur. We now present a brief explanation of the beam squint generation mechanism. 

Figure 2.8 shows that the electric field components on the left side of the 

reflector (y > 0) always lead or lag in phase relative to the ones on the right side, 

depending on whether the primary field is LHCP or RHCP. This leads to a phase 

slope condition across the aperture, which squints the main beam to the left (negative 

angles in Fig. 2.13) or to the right (positive angles in Fig. 2.13). As an illustration, 

consider any two points in the offset paraboloid aperture that are equidistant from 

the reflector plane of symmetry. If the feed is LHCP, the electric field at those points 

rotates counter-clockwise (RHCP main beam) viewed as shown by Fig. 2.14. Thus, 

the electric field vector to the left is leading the one to the right, and as a final result 

(considering the influence of all points) the beam squints to the right (the view in 

Fig. 2.14). This is equivalent to a squint to the left in the yz-plane of the reflector 

coordinate system (negative angles in Fig. 2.13). 

2.5 Dual Reflector Considerations 

In dual offset reflector systems, the secondary reflector provides an additional 

degree of freedom which can be used to cancel the cross polarization [31]; see Chapter 

3 for further details on the optimization of dual offset reflectors for low linear XPOL. 

Beam squint occurs only in dual offset reflectors that are not optimized for low linear 

XPOL. If the Mizugutch and/or Rusch conditions [31] are satisfied, the reflector 

does not depolarize the primary radiation (on-focus feed), and therefore no squint 

occurs. Thus, we conclude that properly designed dual offset configurations can 

present negligible levels of XPOL and beam squint. Although not presented here, 
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Figure 2.14. Beam squint generation mechanism. 
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these results were verified through several computer simulations using GRASP? and 

agreement with results reported in the literature [27] was obtained; see Section 3.6.2. 

2.6 Conclusions 

A comprehensive description of the cross polarization (XPOL) behavior in 

parabolic reflectors was presented. Emphasis was given to the offset parabolic re- 

flector illu:ninated by a balanced circularly polarized (CP) feed. However, both the 

offset and axisymmetric configurations with linearly polarized (LP) feeds were also 

considered. The absence of circular XPOL in offset parabolic reflectors larger than 

12 in diameter and illuminated by CP feeds was explained. 

Beam squint and beam deviation (scanning) phenomena were presented and 

the former was examined and explained in detail. The commercial code GRASP7 [15] 

was used to compute all of the far-field pattern cuts and uv-contour plots presented 

in the figures. Agreement between computations and predictions using the simple 

model of (2.24) with measured beam squint values obtained from the literature for 

the study case was excellent. 

There are a large number of possible reflector geometries, feed types, loca- 

tions, and polarizations. Representative configurations were examined to provide 

specific values as well as general conclusions. The many possible configurations are 

summarized in Table 2.6 together with XPOL, beam squint, and beam deviation 

effects. Table 2.6 shows that unbalanced feeds (i.e., the primary radiation pattern 

is not symmetric) usually generate substantial XPOL independent of the feed po- 

larization or reflector configuration. Also, displacing the feed from the focal point 

normally generates XPOL and beam deviation. Most of the results presented in 

Table 2.6 were verified in this work. 
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Table 2.6. 

Presence of Cross Polarization, Beam Squint, and Beam Deviation 

Effects in Single Parabolic Reflector Antennas 

  

  

  

  

  

  

  

  

  

  

  

  

  
  

  

  

                    

Reflector Feed Cross. | Beam Beam 

Geometry | Location Type Polarization | Pol. | Squint | Deviation 

Linear No No No 

On- Balanced Circular No No No 

Focus Linear Yes No No 

Axi- Unbalanced Circular Yes No No 

Symmetric Linear Yes No Yes 

Off- Balanced Circular Yes Yes Yes 

Focus Linear Yes No Yes 

Unbalanced Circular Yes Yes Yes 

Linear Yes No* No 

On- Balanced Circular No* Yes No 

Focus Linear Yes No* No 

Offset Unbalanced Circular Yes Yes No 

(wb; > 0°) Linear Yes No* Yes 

Off- Balanced Circular Yes Yes Yes | 

Focus Linear Yes No* Yes 

Unbalanced | Gircular_ | Yes | Yes Yes 
  

*Except for small reflectors (D < 12 and F/D, < 0.25); see Section 2.4 for further 

information. 
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Beam squint occurs only in dual offset reflectors not optimized for low linear 

XPOL. If the Mizugutch and/or Rusch conditions are satisfied, the reflector does 

not depolarize the feed radiation (on-focus feed), and therefore no squint occurs. 

Thus, dual offset configurations can be free from circular XPOL and beam squint, if 

properly designed to present low linear cross polarization. 

In addition, The behavior of the cross polarization in offset reflectors as a 

function of the feed pointing angle ~; was studied. Results obtained from several 

numerical simulations using GRASP7 showed that the orientation of the feed strongly 

influences cross polarization. Cross polarization can be significantly reduced by using 

a small feed pointing angle, ~;. However, small angles lead to high spillover. Thus, 

high cross polarization and side lobe levels can be expected if high gain is to be 

maintained. 

We also note that for large F'/D, values (which, in turn, lead to reduced feed 

pointing angles, ~;) the cross polarization level improves (decreases) but that side 

lobe level degrades (increases). In addition, there is also a penalty in gain. However, 

unlike ws, the curvature of the dish (through F'/D,) is not easily adjusted. It is worth 

mentioning that XPOL decreases as the offset distance H is increased, although not 

very significantly. In dual offset reflector systems, the secondary reflector provides 

an additional degree of freedom which can be used to cancel the geometrical optics 

cross polarization [31]; this is addressed in the next chapter. 
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Chapter 3 

Design of Dual Offset Gregorian 

Reflector Antennas for Minimum 

Cross Polarization for a Specified 

Main Reflector and Feed Pattern 

3.1 Introduction 

In this chapter the addition of a subreflector to an existing offset parabolic 

reflector to reduce cross polarization level is investigated. A complete procedure to 

upgrade an existing offset parabolic reflector to a low cross-polarized dual offset. Gre- 

gorian reflector is presented. In addition, the possibility of using the same sub-optics 

assembly (i.e., subreflector and feed) with different main reflectors is investigated. 

Case examples based on real reflector antenna configurations are discussed in detail. 

Measured pattern data and results computed with the Virginia Tech code PRAC and 

the commercial code GRASP7 are presented and compared, validating the proposed 

procedures. 
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3.2 Reflector Upgrading Concepts and Require- 

ments 

As discussed in Chapter 1, a cost effective way to improve the performance 

of an existing offset prime-focus reflector is to add a subreflector, forming a dual re- 

flector system with very low cross polarization. There is a large international market 

for this product. In fact, a few antenna manufacturers have recently advertised such 

a product. However, this is a difficult design problem given the constraints of using 

an existing main reflector and feed. 

The motivation to use a specified main reflector often arises from a desire to 

use an existing mold which is usually very expensive. Frequently, reflector antenna 

manufacturers offer a complete line (i.e., “family”) of single offset paraboloids. In 

such a family, the paraboloids have different aperture sizes, but share a similar F/D 

ratio. In that case, the molds are related to each other by a scaling factor. When 

introducing a dual reflector configuration it is also desirable to use the same sub- 

optics assembly (i.e., feed and subreflector) with all reflectors in a family. In the 

present work this problem is referred to as reflector system upgrading. 

The degrees of freedom available for the design of a dual reflector are the 

subreflector shape and the relative positions and orientations of the reflectors and 

feed. The procedures available in the literature to design low XPOL, non-shaped 

dual offset reflector antennas are not especially suitable for upgrading existing con- 

figurations. In addition, they assume an ideal, pure linearly polarized feed (e.g., 

[32]). Since the proposed problem is based on a practical setting, we must consider 

the possibility of having feeds with relatively large XPOL levels, and investigate 

the influence of feed XPOL on the total system XPOL. Many applications impose 

limitations on system XPOL. For example, the EUTELSAT specification for VSAT 
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communications is -35 dB within the -1 dB contour of the main beam [11]. In the 

present work an effort is made to achieve -35 dB XPOL over a broad pattern region 

(i.e., main beam and near-in sidelobes), thus satisfying the EUTELSAT requirement. 

We have shown in a previous work that single offset reflectors illuminated 

by conventional feeds usually present a XPOL level much worse than -35 dB [4]. 

Offset reflector systems (single and properly designed dual configurations) employing 

a parabolic main reflector larger than 12 A and illuminated by circularly polarized 

(CP) feeds do not present substantial circular XPOL [33]; see Chapter 2. In the 

same chapter we commented that a dual offset configuration optimized for low linear 

XPOL (e.g., -35 dB or better) presents negligible beam squint when illuminated by a 

CP feed, as illustrated in Section 3.6.2. This property allows such a reflector antenna 

to operate with either a LP or a CP feed over a broad bandwidth without the need of 

being repositioned to eliminate beam squint. This is especially important in satellite 

and deep space communications. 

A Gregorian configuration is selected for intensive study here because our 

analysis includes the use of just fully offset paraboloids as main reflectors (i.e., the 

bottom of the reflector just touches its axis of symmetry). These reflectors are widely 

employed in commercial applications. A Cassegrain configuration is more appropri- 

ate for main reflectors other than the just fully offset due to inherent blockage; see 

Fig. 3.1. For details on the Gregorian and Cassegrain antennas see [31]. However, 

this is not a restriction since all derivations presented in this work are valid for main 

reflectors with any degree of offset. 

An example of a dual offset Gregorian configuration employing a main re- 

flector that is not just fully offset is the Green Bank Telescope operating as a dual 

offset system [7, 8]. The Gregorian configuration permits the main reflector to be 
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/ — ( — — axis of symmetry 

(a) Just fully, dual offset Cassegrain antenna 

—_—_  — axis of symmetry ee ) — 

(b) Just fully, dual offset Gregorian antenna 

Figure 3.1. Dual offset reflector antenna configurations employing a main reflector 

that is just fully offset. Note that only the Gregorian configuration (b) is free of 

blockage. 
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used as a prime-focus offset system without the need of removing the subreflector. 

This is not possible with a Cassegrain configuration [7]. 

An extensive search of the open literature showed that methods for upgrad- 

ing existing prime-focus reflector systems in a general and systematic way are not 

available. The reflector upgrading problem addressed in this dissertation is summa- 

rized as follows: 

e Introduce a subreflector to an existing offset main reflector in order to form a 

low cross-polarized dual offset Gregorian reflector antenna (XPOL < -35 dB); 

see Section 3.4. 

e Account for the XPOL characteristics of low-cost, conventional feed antennas 

and investigate methods of reducing feed influence on XPOL. This is addressed 

in Chapters 4 and 6. 

e Use the same sub-optics assembly (i.e., feed and subreflector) with a family of 

main reflectors with different sizes but similar F/D ratios; see Section 3.5. 

e Impose a constraint on the clearance between the bottom of the main reflector 

and the feed axis in order to lower manufacturing costs. This is addressed in 

Chapter 5. 

The procedure produces a low cross-polarized dual offset Gregorian antenna which 

has adequate clearance between the feed axis and the bottom of the main reflector. 

In addition, the resulting configuration has the ability to operate with either a LP 

or a CP feed without the need of being repositioned (no substantial beam squint). 

The attraction of this procedure is that an existing main reflector and a low-cost, 

conventional feed are employed, thus requiring minimum incremental capital outlay. 

These constraints are not taken into account by other design procedures. 
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3.3 Dual Offset Gregorian Geometry and Condi- 

tions for XPOL Minimization 

Our main goal is to upgrade an existing prime-focus offset reflector antenna 

to a dual offset Gregorian reflector antenna with low XPOL. This is accomplished 

by the addition of an ellipsoidal subreflector to the original single reflector. The 

general geometry of a dual offset Gregorian antenna is presented in Fig. 3.2 and 

the symbols are defined in Table 3.1. If the subreflector and feed are positioned 

according to Mizugutch [16] and/or Rusch [31] conditions, the resultant dual config- 

uration presents low linear XPOL when illuminated by a pure linearly polarized feed. 

Mizugutch [16] gave the following condition necessary to cancel the cross polarization 

introduced by the reflector system: 

le? — 1|sin 6 

(1 + e?) cos 8 — 2e 
  tana = (3.1) 

where a@ is the feed pointing angle measured relative to the ellipsoid axis of symmetry 

(xg), 8 is the angle between the ellipsoid and the parent paraboloid axes (xs and 

s, respectively), and e is the subreflector eccentricity (0 < e < 1 for an ellipsoid). 

Mizugutch condition is derived in Appendix C (Chapter 12). Rusch [31] gave the 

following condition to minimize simultaneously XPOL and spillover loss (i.e., feed 

radiation missing the subreflector) based on the equivalent paraboloid formulation 

[31]: 

    (3.2) 
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Figure 3.2. Geometry of the dual offset Gregorian reflector antenna. The symbols 

are defined in Table 3.1. 
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Table 3.1. 

Definitions of Symbols 

D = Diameter of the projected circular aperture of the parabolic main reflector. 

D, = Diameter of the projected circular aperture of the parent paraboloid. 

H = Offset of reflector center 

F = Paraboloid focal length. 

Point F; = Common focal point of the parabolic main reflector and ellipsoidal 

subreflector. 

Point Fy = Ellipsoid focal point; feed antenna location. 

Point A = Apex of the parent paraboloid. 

Point A, = Apex of the ellipsoidal subreflector. 

Point B = Point on subreflector which bisects subtended angle viewed from F». 

Point B also results from the intersection of the ray coming from point C’ on 

the main reflector and the feed axis (zy). 

Point C' = Point on main reflector which projects to the center of the circular 

projected aperture. 

Point J = Point resultant from the intersection of the main reflector axis of sym- 

metry (s) and the feed axis (zy). 

Point L, = Projection of the bottom of the main reflector onto the z-axis. 

wo = Angle of feed antenna pattern peak after reflecting on the subreflector relative 

to the main reflector axis of symmetry (s). 

wy = Angle subtended by the parabolic main reflector as viewed from the focal 

point F}. 
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Table 3.1. (cont.) 

Ds = Height of the ellipsoidal subreflector. 

e = Subreflector eccentricity (0 < e < 1 for an ellipsoid). 

c = Half of the interfocal distance. 

f; = Distance between a focal point and the closest ellipsoid apex. 

a = Feed pointing angle measured relative to the ellipsoid axis of symmetry (zs). 

B = Angle between the ellipsoid and parent paraboloid axes of symmetry (zs and 

s, respectively). 

= Angle between the main reflector and feed axes (s and z;, respectively). 

6¢ = Half of the angle subtended by the subreflector as viewed from the feed antenna 

location (ellipsoid focal point F>). 

@; = Rotation of the feed antenna with respect to the feed axis z;. A positive @ f f f 

denotes a clockwise rotation when looking at the feed. 

d. = Distance between the projection of the bottom of the main reflector (point 

L,) and the intersection of the feed axis (z;) with the x-axis. For d, = 0, the 

feed axis intersects the projection of the bottom of the main reflector (point 

L,). For d, < 0, there is a clearance between the bottom of the main reflector 

and the feed axis. 
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We note that (3.2) is valid only for main reflectors with a circular projected aperture 

[31]. However, there is not such a condition for the ellipsoidal subreflector, which has 

in general an elliptical projected aperture; see Fig. 3.3 in Section 3.4. The angle y, 

is the angle from the focal point F, through the center of the main reflector (point 

C’) and is given by 

fel 
Qe = 2tan™'(55) (3.3) 

Our design procedure is based on (3.1) and (3.2) and its initial part is sim- 

ilar to the one given in [32]. The procedure is especially valuable in the design of 

dual reflectors that upgrade a specified offset main reflector in order to obtain a 

low cross-polarized reflector system. Once the main reflector is specified (from an 

existing prime-focus system), the procedure is used to determine the corresponding 

low cross-polarized dual configuration. The procedure published in [32] treats the 

main reflector specifications as output parameters instead of design constraints. 

Our procedure begins with a design that employs canonical shapes for the 

reflectors and a geometry determined according to Mizugutch and Rusch conditions 

(3.1) and (3.2). This design is herein referred to as the classical configuration. Then 

feed cross polarization effects and practical manufacturing constraints are imposed 

resulting in non-conventional designs. These parameters are not taken into account 

by any other procedure and are discussed in detail in the next chapters. We now 

present the methodology used in the upgrading process. 
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3.4 Design Methodology and Numerical Imple- 

mentation 

As discussed in the last section, the initial part of our design procedure is 

dedicated to upgrade an existing main reflector and is similar to the one given in 

[32]. In fact, most of the basic equations were derived in [32] but they are applied 

here in a different fashion in order to allow the main reflector specifications to be 

used as input parameters. The rest of our procedure is not related to the one in 

[32] and is presented in future chapters. The design methodology is valid for the 

synthesis of dual offset Gregorian reflector antennas with any degree of offset and 

starts by determining the angle 8 from the following approximate equation [32] 

8SHF 
D2 tan®(E) (3.4)   6B & 2tan7| 

where 6g is the feed edge angle, H is the distance between the main reflector center 

to the axis of symmetry, D is the main reflector diameter, and F' is the distance 

of its focal point to the apex. See Fig. 3.2 for further details. Equation (3.4) can 

be derived from geometrical considerations and provides a good approximation for 

small values of 6g [32]. Next, a rearranged version of (3.2) is employed to determine 

the eccentricity e [32] 

e=—veme (3.5)



We now employ Dragone condition [34] to determine the feed pointing angle 

a. Dragone condition is a modified version of (3.1) and is derived in the Appendix 

C (Chapter 12). 

  a= 2 tan "(> + ty tan —| (3.6) 

Finally, the half distance c of the subreflector interfocal length 1s given by [32] 

  

  

eD, . 
c= (3.7) 

_ p2 sinyw _ sinyy 

(1 e Nicetiotaa e cos( (in Vayai| 

where D, is the subreflector height, projected onto the main reflector aperture plane. 

wr and wy are the angles subtended to the lower and upper edges of the reflector, 

respectively, and are given by [3] 

AH — Df2 
YL= tan (AIP (3.8) 

and 

H+D/2 
oy = 2tan (a | ) (3.9) 

Since the starting point of the design via (3.4) is an approximate equation, 

we must now verify if the result is close to the desired one. This can be done by 

determining the subreflector edge angle 0¢, as observed from the feed phase center 

[32] 

bp = 2tan{(—*) tan Pa (3.10) 
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If the value of 9g computed from (3.10) is not equal to the one used in (3.4), one 

should repeat the process described by (3.4) to (3.10) using a new value for § until 

the desired 9g is obtained. If this is not done, the resulting 6g may be less than the 

feed edge angle to be used in practice, resulting in high spillover loss. 

Figure 3.3 shows the geometry of an offset subreflector obtained from the 

intersection of a conic section around its focal axis, and a circular cone of half- 

angle ws. If the conic is an ellipsoid (i.e., 0 < e < 1), it is easy to show that the 

projections onto both zsys- and yszs- principal planes are ellipses [35]. In particular, 

the equation of the projection of the intersection curve (rim) on the zsys-plane is 

  

  

  

given by 

Zs — 2 2 (zs = 4 i =1 (3.11) 

where 

Fo = (1 + e)[ecos(6 + or + bs) + cos ws] sin(f + dt + vs) ( 12) 
“(1 = e2) sin*(6 + bz + ps) + [cos(8 + Ut + bs) + ecosvs]?”” , 

2 (1 + e)? sin? Ws 3 

bs” = (1 — e?) sin?(f + or + bs) + [cos(6 + br + Hs) + Ecos Ws]? f (3.13) 

a? = (1 + e)?[cos(2 + br + bs) + ecos ws]? sin? ps (3.4) 

~ {(1 — e?)sin?(6 + bz + vs) + [cos(8 + br + Ys) + ecos Ps]?}? 

and f, is the distance between any of the ellipsoid focal points to the closest apex. 

Zs, is the Zs-coordinate of the center of the projected subreflector, and b, and a, are 

respectively the minor and major half-axes of the projected subreflector; see Fig. 3.3 
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Figure 3.3. Intersection of an ellipsoid section with a circular cone. 
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for further details. The angle wz is half of the angle that subtends the main reflector 

(or the subreflector) and is given by 

ps = ty — Ve (3.15) 

It is known (31, 35] that any ray coming from one of the focal points, say F5, 

is reflected by the ellipsoid surface towards the other focal point, F; (see Figure 3.2). 

Due to this conic section property, any circular cone of rays emanating from fF with 

axis f,B will then be reflected as another circular cone of rays with vertex at the 

other focal point F, and axis F,B. Thus, if F; is coincident with the paraboloid focal 

point F’, and the feed is located at F2, a perfect circular cone of rays originated at F, 

will illuminate the paraboloid. Due to the parabola reflecting property, a plane wave 

will then appear at the paraboloid aperture plane. Diffraction effects are ignored in 

this analysis. 

The whole iterative process described by (3.4) to (3.10) was implemented 

in the program OPTIMUM. OPTIMUM designs a dual offset Gregorian antenna 

optimized for minimum XPOL for a given offset main reflector and feed pattern. Dual 

offset reflector configurations produced by OPTIMUM present a cross polarization 

level at least 35 dB below the main beam co-polar peak, when illuminated by a feed 

antenna purely polarized in the xz; or ys directions. Once the design is completed, 

OPTIMUM presents a detailed description of the geometrical configuration. The 

main reflector is specified by the user, thereby permitting the use of an existing 

mold which is usually very expensive. This allows reflector antenna manufacturers 

to meet stringent requirements on XPOL with minimal capital outlay. Typical input 

and output parameters used in OPTIMUM are (see Fig. 3.2 and Table 3.1): 
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Input parameters required by OPTIMUM: D, F, H, 0g, and Ds. 

Output parameters generated by OPTIMUM: 9z, a, §, €, c, fs, d-, wc, Wr, 

wy, and the subreflector projections onto the z,y,-plane and y,zs-plane. 

A second code, VERIFY, was also derived from the aforementioned proce- 

dure. This code verifies that the dual offset configuration defined by the user has 

been optimized for minimum cross polarization (XPOL) according to Mizugutch and 

Rusch conditions. This is accomplished by numerically evaluating the left and right 

sides of (3.1) and (3.2) for the geometry specified by the user. Typical input and 

output parameters used in VERIFY are: 

Input parameters required by VERIFY: D, F, H, a, 8, ce and f,. 

Output parameters: 0z, a, 8, e, c, fs, dco, Yc, YL, wu, and an evaluation of 

Mizugutch and Rusch conditions for the specified geometry. 

Both codes create a data file that numerically describes the subreflector 

surface as a set of points defined with respect to the subreflector coordinate system 

LsYsZs5. This is a valuable feature especially when the subreflector is to be fabricated 

by a computerized machining process. This data file is also employed as the starting 

point for the shaping process described in Chapter 6. The far-field patterns can be 

computed by a suitable reflector analysis code, such as GRASP7. However, this is not 

required since the effectiveness of the codes has been confirmed through comparisons 

with measured data and extensive computer simulations with GRASP7. A few of 

these comparison studies are presented in Section 3.6. The codes OPTIMUM and 

VERIFY, together with the codes ROTATION and ECCENTRICITY described in 
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Chapter 5, form a complete suite of codes for the synthesis of non-conventional, 

low cross-polarized dual offset Gregorian reflector antennas. This suite of codes is 

herein referred to as the DORA package (Dual Offset Reflector Antennas Synthesis 

Package). 

3.5 Use of the Same Sub-Optics Assembly with 

Different Main Reflectors 

In this section, we comment on the problem of using the same feed and 

subreflector with different parabolic main reflectors. Our study indicates that it is 

possible to use the same sub-optics assembly if all the paraboloids have a similar 

F/D ratio. However, this is only true if the focal point of the parent ellipsoidal 

subreflector is placed at the same location as the focal point of the parent parabolic 

main reflector, and all of the orientation angles remain unchanged. This is illustrated 

by Fig. 3.4. 

3.6 Numerical Results and Comments 

In the following sections practical examples of single and dual reflector sys- 

tems are employed to validate the design procedure discussed in Section 3.4 and 

implemented in the code OPTIMUM. The single reflectors correspond to real an- 

tenna systems commercialized by a major reflector antenna manufacturer. The mea- 

sured patterns were provided by the manufacturer, and all computed patterns were 

obtained with the Virginia Tech code PRAC and the commercial code GRASP7. 

The dual configurations designed with OPTIMUM are the results of our efforts to 

upgrade the existing single reflectors to low cross-polarized dual reflector antennas. 
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Figure 3.4. Use of the same sub-optics assembly with main reflectors of different 

projected aperture diameters but similar (F'/D,) ratios. 
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3.6.1 Single Offset Reflector System (Before Upgrading) 

We start by examining the just fully offset configuration of Table 3.2. It is 

fed with an z;-polarized feed that has a symmetric (“balanced”) pattern similar to 

that in Fig. 2.2. The offset reflector choice corresponds to a 1.8-m diameter VSAT 

earth terminal antenna operating at 14.25 GHz. This is the 1.8-m reflector of a large 

commercial manufacturer of reflector antennas. If the feed remains pointed at the 

apex of the parent paraboloid (i.e., yy = 0°), negligible XPOL is generated [4]; see 

Chapter 2. However, this leads to large spillover and associated gain loss. Therefore, 

in practice the feed is tilted such that its pattern peak is directed toward the central 

region of the reflector. This introduces high XPOL. 

Figure 3.5 shows the computed co- and cross-polarized patterns and mea- 

sured data for the offset parabolic reflector of Table 3.2 in the plane normal to the 

plane of symmetry (i.e., the yz-plane in Fig. 2.1). XPOL is expected to be maximum 

in this plane [4]. The patterns were computed using the commercial code GRASP7 

[15] and the Virginia Tech code PRAC (Parabolic Reflector Analysis Code). PRAC 

is a user friendly code developed by the author to analyze axisymmetric and offset 

parabolic reflectors. PRAC evaluates the radiation integral (physical optics surface 

current integration) with the Jacobi-Bessel method [13, 14], and yields the co- and 

cross-polarized radiated fields with high accuracy and efficiency. A complete descrip- 

tion of PRAC is given in Appendix B (Chapter 11). We note from Fig. 3.5 that 

both PRAC and GRASP yield almost identical results for this example; in addition, 

both are in very good agreement with the measured data [36, 37]. The measured 

gain is about 0.8 dB below the computed gain due to losses and system imbalances. 

Measured system XPOL is -22.00 dB, which compares well with the computed XPOL 

values of -21.27 dB from PRAC and -21.29 dB from GRASP7. 
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Table 3.2. 

Offset Paraboloid 

(a) Main Reflector Configuration 

Shape: Offset paraboloid 

Projected diameter (D), 

Parent reflector diameter (D,), 

Focal length (F) 

Offset of reflector center (1) 

(b) Feed Configuration 

Polarization 

Pattern shape 

Gain (Gy), dBi 

10 dB beamwidth, degrees 

Feed pointing angle (7,), deg. 

Edge Illum. (Lower,Upper), dB 

(c) System Performance 

Gain (G), dBi 

Cross pol. level (XPOL), dB 

Side lobe level (SLL), dB 

Aperture efficiency (€ap), % 

85.5 

171.0 

0.3048 D, 

D/2 

Measured 

Linear (z+) 

78.00 

43.61 

(-12.0,-14.5) 

Measured 

46.78 

-22.00 

-23.50 

66.03 
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PRAC 

Linear (2) 

cos*>? 

13.07 

78.00 

43.61 

(-12.8,-12.4) 

PRAC 

47.59 

-21.27 

-25.94 

79.63 

Geometrical Configuration and Performance Values for the Just Fully 

GRASP 

Linear (zs) 

Gaussian 

13.13 

78.00 

43.61 

(-12.5,-12.6) 

GRASP 

47.52 

-21.29 

-26.40 

78.27
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Figure 3.5. Radiation patterns of the 1.8-m single offset configuration specified in 

Table 3.2 (f = 14.25 GHz). 
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Aperture efficiency (€.,) was computed according to [12] 

G= can) (3.16) 

where G is the measured or computed gain of the reflector antenna, and D is the 

projected reflector diameter. 

This example is typical of single offset reflectors, and indicates that single off- 

set paraboloids illuminated by conventional feeds are limited by XPOL performance. 

In fact, this result is generic and well reported in the literature [3, 24, 25, 38]. A 

XPOL level of about -22 dB is often unacceptably high. In the next section we em- 

ploy the program OPTIMUM to add an ellipsoidal subreflector to the just fully offset 

paraboloid example in order to form a low XPOL dual offset Gregorian configuration. 

3.6.2 Dual Offset Reflector Systems (After Upgrading) 

Dual offset reflector configurations can be designed for low geometrical optics 

XPOL when illuminated by a pure linearly polarized feed {16, 31]. Our goal is to 

upgrade the just fully offset reflector specified in Table 3.2 and discussed in Section 

3.6.1 to a low cross-polarized, just fully offset Gregorian dual reflector antenna. 

This is accomplished by adding a concave ellipsoidal subreflector to the original 

single reflector system. The general geometry of a dual offset Gregorian antenna is 

presented in Fig. 3.2. Note that for the just fully offset case H = D/2. 

The program OPTIMUM, described in Section 3.4, is applied to the just fully 

offset paraboloid of Table 3.2 to determine the corresponding low cross-polarized dual 
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configuration. The resulting configuration, referred to as the classical configuration, 

is listed in Table 3.3. Figure 3.6 shows the co- and cross-polarized patterns computed 

by GRASP7 for the classical dual Gregorian antenna of Table 3.3 in the plane normal 

to the plane of symmetry (i.e., the yz-plane in Fig. 3.2). XPOL is expected to be 

maximum in this plane [4, 33]. Table 3.3 also presents the performance values at 

14.25 GHz computed with GRASP in the plane normal to the plane of symmetry 

(i.e., the yz-plane in Fig. 3.2). We note that XPOL is now -47.06 dB, more than 25 

dB lower than the XPOL of the single configuration in Table 3.2. 

Next, we use the same sub-optics assembly (i.e., subreflector and feed) spec- 

ified in Table 3.3 with a 2.4-m diameter just fully offset paraboloid (f = 14.25 GHz), 

which is also part of the family of single reflector antennas offered by the aforemen- 

tioned manufacturer. The resulting dual configuration is listed in Table Table 3.4. 

Note that the focal point of the parent ellipsoid is placed at the same location as 

the focal point of the parent paraboloid, and all of the orientation angles remain 

unchanged, as addressed in Section 3.5. The geometrical configuration is shown in 

Fig. 3.7. The associated prime-focus configuration presents a peak cross polarization 

level (XPOL) of -22.43 dB when illuminated by a pure linearly polarized feed, and 

therefore does not meet the XPOL requirement of -35 dB. 

Figure 3.8 shows the co- and cross-polarized patterns computed by GRASP7 

for the 2.4-m diameter dual offset Gregorian antenna of Table 3.4 in the plane normal 

to the plane of symmetry (i.e., the yz-plane in Fig. 3.2). Table 3.4 also lists the 

computed performance values. Aperture efficiency (€,)) was computed according to 

[12]. Note from Fig. 3.8 that low total system XPOL (-48.19 dB) was achieved using 

the classical design. However, when feed XPOL is included, the total system XPOL 

for the dual reflector will degrade; this is addressed in the next chapter. 
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Table 3.3. 

Geometrical Configuration and Computed Performance Values for the 

1.8-m Diameter Dual Offset Gregorian Reflector Antenna 

(a) Main Reflector Configuration 

Shape Offset paraboloid 

Projected diameter (D), 85.5 

Parent reflector diameter (D,), A 171.0 

Focal length (F’) 0.3048 D, 

Offset of reflector center (H) D/2 

(b) Subreflector Configuration 

Shape Offset ellipsoid 

Projected height (Ds), > 14.1800 

Parameter c of ellipse, 12.6340 

Parameter f, of ellipse, » 9.9146 

Eccentricity (e) 0.5603 

Angle £, degrees 4.12 

Angle 0g, degrees 13.38 

(c) Feed Configuration 

Polarization 

71 

Linear (z,) 

Pattern shape Gaussian 

Gain (Gy), dBi 22.30 

11-dB beamwidth, degrees 26.76 

Angle a, degrees 14.54 

Angle +, degrees 10.42 

Distance d,, A 3.13 

(d) System Performance (GRASP) 

Gain (G), dBi 47.21 

Cross polarization level (XPOL), dB -47.06 

Side lobe level (SLL), dB -24.37 

Spillover loss, dB 0.51 

Aperture efficiency (€a,), % 72.82
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Figure 3.6. Computed co- (solid curve) and cross-polarized (dotted curve) far-field 

patterns of the dual offset Gregorian configuration specified in Table 3.3. The pat- 

terns were computed in the ¢ = 90° plane (i.e., the yz-plane in Fig. 3.2). The XPOL 

peak is 47.06 dB below the COPOL peak. 
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Table 3.4. 

Geometrical Configuration and Computed Performance Values for the 

2.4-m Diameter Dual Offset Gregorian Reflector Antenna 

Main Reflector (paraboloid): 

D = 115.8240 A 

D, = 231.6480 X 
F/Dp = 0.3048 
wo = 44.60° 

wy = 78.72° 

Subreflector (ellipsoid): 

Ds = 14.1800 A 

c = 12.6340 A 

fe = 9.9146 
e = 0.5603 

B = 4,12° 

Oz = 13.38° 

Feed (located at the focal point F2): 

Pattern shape = Gaussian (Fig. 4.1) 

Gain G = 22.30 dBi 

a = 14.54° 

yy = 10.42° 
11 dB beamwidth = 26.76° 

Polarization = Linear (x -directed) 

XPOL = None 

Computed Performance Values: 

Gain (G), dBi 49.85 

Cross polarization level (XPOL), dB -48.19 

Side lobe level (SLL), dB -24.33 

Spillover loss, dB 0.51 

Aperture efficiency (€2,), % 72.96 
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Figure 3.7. Geometry of the dual offset Gregorian reflector antenna specified in Table 

3.4 (f = 14.25 GHz). 
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Figure 3.8. Computed co- (solid curve) and cross-polarized (dotted curve) far-field 

patterns of the dual offset Gregorian configuration specified in Table 3.4. The pat- 

terns were computed in the ¢ = 90° plane (i.e., the yz-plane in Fig. 3.2). The XPOL 

peak is 48.19 dB below the COPOL peak. 
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Finally, for completeness, we consider the same configuration of Table 3.4 

illuminated with a right-handed circularly polarized (RHCP) feed. Figure 3.9 shows 

that circular XPOL is very low, -47.72 dB, and no beam squint is present. This 

confirms the conclusion presented in Section 2.5 that dual offset reflectors designed 

for low linear XPOL are free of circular XPOL and beam squint. In the next section 

we investigate XPOL sensitivity with respect to the orientation angles a and 2. 

3.6.3 Sensitivity Analysis 

In this section we numerically investigate the sensitivity of gain and XPOL 

with respect to the orientation angles a and §; see Fig. 3.2 and Table 3.1 for definition 

of symbols. We choose the 2.4-m diameter, dual offset Gregorian antenna of Table 

3.4 as the baseline configuration for this study. Our main goal is to determine how 

much the angles a and § can deviate from the values listed in Table 3.4 such that 

XPOL remains below -35 dB. In order to facilitate the investigation, we define the 

auxiliary angles ag and $y. These angles represent the deviation of a and 8 from 

the values listed in Table 3.4. 

Figure 3.10 shows the behavior of gain as a function of ag and fy. All 

computer simulations were performed with the code GRASP7. Note that the point 

aq = By = 0° represents the geometry of Table 3.4. Fig. 3.10 shows that gain dete- 

riorates considerably as ag and $y are varied. This is due primarily to spillover loss. 

In addition, the main beam also scans off boresight as {2 is varied. The maximum 

gain of 49.85 dBi occurs for ag = fg = 0°, confirming that the configuration of Table 

3.4 has been optimized for minimum spillover loss; see Rusch condition (3.2). 
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Figure 3.9. Computed co- (solid curve) and cross-polarized (dotted curve) far-field 

patterns of the dual offset Gregorian configuration specified in Table 3.4 illuminated 

by a RHCP feed. The patterns were computed in the ¢ = 90° plane (i.e., the yz-plane 

in Fig. 3.2). The circular XPOL peak is 47.72 dB below the COPOL peak. 
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Figure 3.10. Gain as a function of the angles ag and $4 for the 2.4-m diameter, dual 

offset Gregorian reflector antenna specified in Table 3.4. 
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Figure 3.11 shows the behavior of XPOL as a function of ag and (4. As in 

Fig. 3.10 the geometry of Table 3.4 was taken as the baseline configuration. Figure 

3.11 shows that it is possible to achieve XPOL levels slightly below the one obtained 

with the configuration of Table 3.4 (i.e., -48.19 dB). However, there is an inherent 

penalty in gain, as shown by Fig. 3.10. According to Fig. 3.11, a XPOL level below 

-35 dB is obtained for values of ag and $2 within the following ranges 

— 10° < ay < 10° (3.17) 

and 

—-8 < fs 5° (3.18) 

These values can be used to set the mechanical tolerance of the manufacturing pro- 

cess, if a XPOL level below -35 dB is desired. 

We now investigate the sensitivity of XPOL with respect to frequency. Nu- 

merical simulations performed with GRASP7 show that the configuration of Table 

3.4 has G = 42.11 dBi and XPOL = -40.59 dB at 6 GHz. In addition, the same 

configuration has G = 56.41 dBi and XPOL = -58.15 dB at 30 GHz. Therefore, we 

note that the XPOL behavior of the configuration of Table 3.4 is not very sensitive 

to frequency, remaining below -35 dB within a very large bandwidth (at least from 

6 to 30 GHz). This is an expected result since the design procedure of Section 3.4 is 

frequency independent. 

However, XPOL performance deteriorates at low frequencies (e.g., 2 GHz 

or below) due to diffraction effects. In order to assure effective designs, a subreflec- 

tor size of at least 10 \ is recommended [32]. The upper limit of the operational 
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Figure 3.11. XPOL as a function of the angles ag and fy for the 2.4-m diameter, 

dual offset Gregorian reflector antenna specified in Table 3.4. 

80



bandwidth is determined by the smoothness of the parabolic and ellipsoidal sur- 

faces. Mechanical imperfections and surface distortions can introduce phase errors 

at high frequencies and degrade overall performance. In practice, the operational 

bandwidth of a reflector system is set by the bandwidth of the feed antenna used to 

illuminate the reflector(s). Although illustrated for the configuration of Table 3.4, 

these conclusions are generic and can be extended to other configurations. 

3.7 Conclusions 

A general algorithm was presented for upgrading single offset reflectors to 

dual reflector configurations to achieve low cross polarization. The problem consists 

of adding a subreflector to an existing family of offset paraboloids in order to achieve 

a low level of linear cross polarization (e.g., -35 dB). The feed can be polarized along 

the xy- or ys-direction. In addition, the resulting configuration operates with either 

a LP or a CP feed without the need of being repositioned (no substantial beam 

squint). In the next few chapters, we take into account the feed cross polarization 

effects and impose practical constraints for the low-cost production of dual offset 

Gregorian reflector antennas. General procedures to minimize XPOL under those 

circumstances will be introduced. 
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Chapter 4 

Influence of Feed XPOL on 

System XPOL and the Feed 

Rotation Technique 

4.1 Introduction 

In the last chapter we investigated the addition of a subreflector to an ex- 

isting offset parabolic reflector to reduce cross polarization level. Since the proposed 

problem is motivated by practical applications, cross polarization effects of conven- 

tional, low-cost feeds must be accounted for in the analysis. In this chapter the 

influence of the feed cross polarization (XPOL) is examined in detail. A model for 

predicting the total system XPOL due to the reflectors and feed is presented and 

discussed. In addition, a new technique to reduce the feed XPOL effects of a certain 

class of feed antennas is introduced. The theoretical procedures are confirmed with 

practical configuration examples analyzed with the commercial code GRASP7 [15]. 
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4.2 Simple Feed Model 

In all computer simulations presented in this chapter the feed co-polarized 

pattern was modeled using the symmetric (“balanced”) Gaussian radiation pattern 

shown in Fig. 4.1, which has a 11-dB beamwidth of 26.76°; see Section 2.2.2 for 

further information on balanced feeds. In addition, the computer simulations em- 

ployed the cross-polarization feed pattern of Fig. 4.1, which has a peak of -32 dB. 

This value was obtained from measured data of a typical low-cost, conical corrugated 

horn used to illuminate commercial reflector systems. The data were provided by a 

major reflector antenna manufacturer. 

The theoretical feed model shown in Fig. 4.1 was obtained by combining 

the zs- and y;-polarized feed models described in Section 2.2.2; see the same section 

for CP feed models. Assuming that the main polarization is along the x-direction, 

the co- and cross-polarized feed patterns are given by [15] 

  

> n x. e Ihr s 

Eco(rs) = C(8s) [6 cos bs — oy sin $y] r; (4.1) 

and 

~ . ~ a e7Ihrys 

Ecross(77) = pr C(Os) [0% sin dy + oy cos dy] (4.2)   

rf 

where C’(6;) is the Gaussian model of (2.10) and p, is the complex polarization ratio 

defined as 

pr = XPOLF [cos é + jsin 6] (4.3) 

The quantity XPOLy determines the feed XPOL peak relative to the peak co- 

polarized beam. During this investigation various values were used for the difference 

in phase 6 between the cross- and co-polarized feed patterns defined as 

§ = PHASE{XPOL;} — PHASE{COPOL f} (4.4) 
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Figure 4.1. Gaussian feed pattern used for studying reflector performance. The 11- 

dB beamwidth of the co-polarized pattern (COPOL) is 26.76° and the cross-polarized 

pattern (XPOL) peak is 32 dB below the COPOL peak. 
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4.3 Influence of Feed XPOL on System XPOL 

4.3.1 System XPOL Prediction Model 

The degrees of freedom available to reduce feed XPOL effects without al- 

tering the feed are the subreflector shape and the relative positions and orientations 

of the reflectors and feed. However, before we attempt to reduce feed XPOL, it is 

necessary to understand its influence from a system point of view. A simple approx- 

imate model for predicting the influence of feed XPOL in reflector systems is the 

worst case formula of [17]: 

XPOLs = XPOLr + XPOLR (4.5) 

where XPOLs, XPOLf, and XPOLp, are the cross polarization levels of the to- 

tal system, the feed (on-axis), and the dual reflector antenna alone (peak), respec- 

tively. XPOL here is expressed as a field ratio and dB values can be converted using 

10 
  

“=o. Note that (4.5) is similar to the relation for two parallel admittances 

[17]. It was developed to evaluate system XPOL in a transmit/receive link, but 

gives approximate results for this situation. In fact, extensive computer simulations 

performed with the commercial code GRASP7 [15] showed that (4.5) predicts well 

the total system XPOL. The simple result in (4.5) shows that either the feed or the 

reflector XPOL can dominate the system XPOL. Since classical designs using (3.1) 

and (3.2) yield low LP reflector XPOL, system XPOL is usually limited by feed 

XPOL. Deterioration of system XPOL due to feed XPOL has been noted previously 

in the literature, but no attempts for its prediction have been reported [39, 40]. 
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4.3.2 Numerical Results and Comments 

As an example we consider the 2.4-m diameter dual offset Gregorian reflector 

of Table 3.4, Section 3.6.2. When a typical feed XPOL value of -32 dB is included 

through the feed pattern in Fig. 4.1, the XPOL computed by GRASP7 increases 

from -48.19 dB (Fig. 3.8) to -31.75 dB, as shown in Fig. 4.2. Equation (4.5) yields 

-30.75 dB, which is in good agreement for such a simple formula. In addition, (4.5) 

predicts that a feed with a XPOL level of at least -37.15 dB is required to achieve 

the system XPOL goal of -35 dB with the example reflector configuration. 

These results confirm that the classical dual reflector system is XPOL per- 

formance limited by the feed. In the remaining sections we consider a technique for 

reducing system XPOL. 

4.4 XPOL Improvement by Feed Rotation 

4.4.1 Analytical Formulation 

A simple procedure that might reduce the effects of feed XPOL is rotation 

of the feed about its axis. This is investigated in the present section and, as we will 

shown, it is an effective means for reducing system XPOL. The angle about the feed 

z-axis, dy, is positive for a clockwise rotation viewed looking toward the feed; see 

Fig. 3.2. The theoretical feed model of Fig. 4.1 is used and, while it may not be 

completely realistic, it illustrates that the rotation technique can be useful in some 

applications. 
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Figure 4.2. Computed co- (solid curve) and cross-polarized (dotted curve) far-field 

patterns of the dual offset Gregorian configuration specified in Table 3.4 with the 

feed pattern of Fig. 4.1 (6 = 0°). The patterns were computed in the ¢ = 90° plane 

(i.e., the yz-plane in Fig. 3.2). Note that XPOL is high, -31.75 dB, due to the feed 

XPOL effects. 
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We start by expressing the fields (4.1) and (4.2) with relation to a rotated 

coordinate system (r/,,0,¢). The primed coordinate system is obtained by rotating 

the feed coordinate system (r;,0;,¢;) about the zy-axis by an angle a. If the prime 

superscripts are dropped, this is equivalent to illuminating the subreflector with a 

feed antenna rotated about the z-axis by an angle —a. The Eulerian angle a is 

defined in the Appendix A, Section 10.3. Thus, (4.1) and (4.2) are expressed with 

respect to (r’,,0.,¢’,) in component form as Pp pov foP § P 

Ey (r}') sin 6; cos ¢ sinO;sing, cosh; cosa sina 0 

Eg (rj ‘) | = | cos64cos ¢, cos6sing —sin 6 —sina cosa 0 

Ey (r}) —sin ¢i, cos $y 0 0 0 61 

sin6;cos os cos@scosdy —sin dy 0 

sinO;sing; cos@;sings cos dy Eo, (r}) (4.6) 

cos 6; —sin bs 0 Eg, (77) 

which yields 

E (r}') ( sin 0, cos ¢',[I, cosa + Iz sin a]+ \ 

sin 9’, sin ¢',|—h sina + I, cos a} + I3 cos 6 

Es (r7) | = cos 0, cos $41; cos a + Jz sin a|+ (4.7) 

cos 9, sin $' (—h sina + I,cos a] — Iz sin 0’, cos @         \ —sin ¢,[I, cosa + Iz sin a] + cos $4[—I, sina + I, cos a] ) 
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where 

h= Eo, (ry ) cos 0; cos by — Ey, (r#) sin dy 

TI, = Eg,(r7) cos 0; sin by + Ey, (7) cos by (4.8) 

Iz = Ee, (rz) sin Os 

Assuming that the main polarization is along the z-direction, the co- and cross- 

polarized fields can be obtained from (4.7) through the relations 

E (rj) = *, Bus (75!) + 6 Boy (7!) + bY By, (77) 

Eco(?}') = E(1}') © dco = 

= E(r') e [6 cos $y — dy sin ¢',] = Eg (77') cos $) — Eg. (r7') sin ¢/, (4.9) 

Ecross(Ty’) = E(r/ ) © Geross = 

= 

= E(r;')e (6 sin 6 + $y, cos $i] = Ey, (r7’) sin d + Ey, (ry') cos $4 

Setting |Ecross| to zero yields the relation 

|Z, sin ¢', cos $4, cos a(1 — cosO) + Iz sin $' cos $ sin a(1 — cos6,)+ (4.10) 

I, sin 0 sin cosa + (/, sina — [2 cos a)(sin? $', cos 6, + cos? g',)| = 

Simplification of (4.10) is possible for angles close to boresight; i.e., 0 ~ 0°. Then 

cos 6, = 1 and sin #, = 0, and (4.10) reduces to 

C(8,)[cos d; + p, sin dy] cos 07 sin dy + C(8s)[p, cos d¢ — sin dy] cos hy _ 

C(6;)[cos b¢ + p, sin dy] cos 8 cos 6; — C(O) [p, cos d+ — sin dy] sin dy 7 
  |tan a — 

(4.11) 
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where Ey,(ry) and Ey,(r7) were obtained from (4.1) and (4.2). For angles close to 

boresight we also have cos#; = 1 and sinés © 0. Then 

|tan a — p,| = 0 for angles close to boresight (4.12) 

Using (4.3) we arrive at 

  

/ (tan a — XPOLp cos 6)? + (—XPOLp sin 6)? = 0 (4.13) 

which yields 

a = tan7'[XPOLr cos 6] (4.14) 

and 

XPOLF = 0 or 6 = 0° (4.15) 

From (4.15) we see that on-axis feed XPOL is completely canceled via (4.14) only for 

6 = 0°. However, if we relax the condition of zero feed XPOL to very low feed XPOL, 

some reduction is still possible for 6 # 0°. In fact, we investigate in the next section 

how much 6 can deviate from 0° such that the total system XPOL remains below 

-35 dB. It is assumed in our analysis that XPOL p is small (e.g., XPOLr = —32 dB), 

which satisfies (4.15) in an approximate fashion even for 6 # 0°. Within this context, 

the maximum possible reduction for any value of 6 is obtained with a rotation given 

by (4.14). 
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As mentioned before, if the prime superscripts of (4.7) and (4.9) are dropped, 

the described procedure is equivalent to illuminating the subreflector with a feed 

antenna rotated about the zs-axis by an angle —a = @;; see Fig. 3.2 and Table 3.1. 

Thus, the angle that yields minimum XPOL, ¢; = ¢;x, is given in an approximate 

fashion by 

Osx = tan~'(XPOLr cos 6) (4.16) 

4.4.2 Numerical Results and Comments 

As an example, consider the classical reflector configuration specified in Ta- 

ble 3.4 illuminated by the feed modeled as in Fig. 4.1 and presenting -32 dB of 

XPOL with 6 = 0°. Rotating the feed as in (4.16) yields dfx = 1.44°. Physical 

optics analysis for this configuration with ¢; = @;x yields a cross polar level of 

-48.17 dB over the main lobe and near-in sidelobes, as shown by Fig. 4.3. This 

represents a reduction of more than 16 dB from XPOL = -31.75 dB, prior to the 

rotation. In order to confirm that Fig.4.3 contains the peak cross polar value, the 

cross polar contour plot is shown in Fig.4.4. We note that XPOL has a peak value 

of -48.17 dB at the u = 0 cut (1.e., 6 = 90°), which is exactly the pattern cut showed 

by Fig.4.3. Thus, system XPOL has been reduced to a satisfactory level by means of 

the feed rotation. Also, for this case, the gain loss due to the polarization mismatch 

introduced by the feed rotation was negligible. It is worth noting that system XPOL 

is very sensitive to the amount of rotation and ¢;x must be achieved accurately for 

good cancellation of feed XPOL. 
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Figure 4.3. Computed co- (solid curve) and cross-polarized (dotted curve) far-field 

patterns of the dual offset Gregorian configuration specified in Table 3.4 with the 

feed pattern of Fig. 4.1 (6 = 0°). The patterns were computed in the ¢ = 90° plane 

(i.e., the yz-plane in Fig. 3.2). Note that system XPOL has been reduced to a 

satisfactory level by means of the feed rotation (¢; = 1.44°).
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Figure 4.4. Contour plot (dB) of the computed cross-polarized pattern of the dual 

offset Gregorian reflector antenna specified in Table 3.4 with the feed antenna rotated 

by df = 1.44° (6 = 0°). Note that the peak cross polar level of -48.17 dB lies in the 

u = 0 cut (i.e., 6 = 90°), which is exactly the pattern cut shown by Fig. 4.3. 

93



We next investigate the sensitivity of system XPOL to phase 6. Equation 

(4.16) shows that as 6 approaches + 90°, ¢;x approaches 0°. In other words, no 

XPOL reduction is possible by means of feed rotation when the cross-polar field is 

in phase quadrature with the co-polar field (6 = + 90°). This is because when the 

co-polar component reaches a peak value, the cross-polar component is zero (or vice- 

versa), and no cancellation can be achieved. This is the reason why the feed rotation 

technique cannot be used with single offset reflectors. XPOL introduced by reflection 

on the reflector surface is always 90° out of phase from the main polarization [24]. 

On the other hand, with a properly designed dual offset system, the cross-polar 

components introduced by the two reflections cancel each another, and the only 

remaining substantial XPOL is due to the feed. Thus, feed rotation can be used 

to reduce system XPOL of an offset dual reflector. The rotation procedure yields 

a system bandwidth that is limited only by the variations of the feed pattern with 

frequency. 

The specific design goal of the example is to achieve a system XPOL below 

-35 dB using the configuration of Table 3.4 and the feed model of Fig. 4.1 (i.e., 

XPOLf- = -32 dB). Computer simulations performed with GRASP7 [15] showed 

that this goal is met with feed rotation if the phase is confined to the following 

range: 

— 45.00° < 6 < 45.00° (4.17) 

The required feed rotation ¢sx determined by (4.16) for the limiting cases of 6 = 

+ 45.00° is 1.02°. 
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Figure 4.5 shows the computed co- and cross-polarized patterns for the 

configuration of Table 3.4 illuminated by a feed rotated by ¢; = 1.02° and with 

6 = 45.00°. The peak cross polarization level according to Fig. 4.5 is -35.01 dB. 

Although not shown, the same XPOL level was obtained with 6 = —45.00° for 

the same amount of feed rotation. In addition, we note that the feed can be ro- 

tated in the opposite direction (negative angles ¢;x ) if the phase is within the range 

135.00° < 6 < 225.00°. 

If the feed pattern is essentially different than the one presented in Fig. 4.1 

(e.g., a pattern that is not symmetric or “balanced”), a possible solution is to shape 

the subreflector in order to minimize feed XPOL effects. This problem is analyzed in 

detail in Chapter 6. Herein, we only considered canonical (i.e., non-shaped) reflectors 

in order to assure broad operational bandwidths. The next chapter includes the 

constraint of producing a design with suitable clearance between the main reflector 

and feed axis. The enforcement of this constraint leads to deterioration of system 

XPOL in our study configuration. In order to minimize that effect, the technique of 

replacing the subreflector by one of higher eccentricity is introduced. 

4.5 Conclusions 

It was shown that the XPOL of dual offset Gregorian antennas designed 

for low XPOL is generally limited by the feed XPOL. Equation (4.5) can be used to 

determine the minimum feed XPOL level necessary to achieve a required specification 

of system XPOL. Nevertheless, a suitable computer code should be used to validate 

the electrical performance values. 
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Figure 4.5. Computed co- (solid curve) and cross-polarized (dotted curve) far-field 

patterns of the dual offset Gregorian configuration specified in Table 3.4 with the 

feed pattern of Fig. 4.1 (6 = 45°). The patterns were computed in the ¢ = 90° plane 

(i.e., the yz-plane in Fig. 3.2.). Note that system XPOL has been reduced to a level 

below -35 dB by means of the feed rotation (¢; = 1.02°). 
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The possibility of reducing feed XPOL by rotating the feed was investigated 

in detail. The procedure was effective for the feed model considered in Section 4.3. 

Although this feed model may not be completely realistic, it illustrates that the ro- 

tation can be useful in some applications. It should be mentioned that it is possible 

to compensate for a certain amount of feed XPOL through the shaping of both the 

main reflector and the subreflector [40]. The possibility of shaping only the subre- 

flector to reduce the influence of XPOL effects caused by feed antennas with XPOL 

characteristics different than the ones considered in Section 4.2 is investigated in 

Chapter 6. A synthesis procedure based on the gradient method [41, 42] is presented 

to assure effective designs (i.e., designs that. meet the specifications and constraints 

herein presented). Numerical simulations confirm the viability of the process, al- 

though some pattern deterioration and narrowing of operational bandwidth can be 

experienced due to the introduction of phase errors. 

In the next chapter we investigate system XPOL reduction while enforc- 

ing practical constraints for the mass production of dual offset Gregorian reflector 

antennas. A procedure to rotate the parent ellipsoidal subreflector is introduced. 

That is necessary to achieve clearance between the bottom of the main reflector 

and the feed axis. Manufacturing costs can be substantially reduced through the 

enforcement of this condition. However, the rotation of the subreflector introduces 

substantial XPOL in a system designed to present low XPOL. The proposed solution 

is to replace the subreflector by one of higher eccentricity, producing a design with 

the desired XPOL performance and suitable clearance between the main reflector 

and feed axis. Also, the resultant design presents large operational bandwidth since 

the feed was relocated to the focal point of the new ellipsoidal subreflector, avoiding 

the introduction of phase errors. 
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Chapter 5 

XPOL Reduction with Practical 

Constraints 

5.1 Introduction 

In this chapter practical manufacturing constraints for large scale produc- 

tion are imposed on low cost dual offset Gregorian antennas. In particular, designs 

for adequate clearance between the bottom of the main reflector and the feed axis 

are investigated. This constraint is not taken into account by other design proce- 

dures and is not addressed in the open literature. New procedures to enforce the 

aforementioned constraint while keeping system XPOL below -35 dB are developed 

in a generic analytical form and applied to practical case examples. Computer sim- 

ulations are employed to validate the design algorithms. 

In addition, we evaluate the performance of the largest steerable dish an- 

tenna in the world, the Green Bank Radio Telescope (GBT), located in Green Bank, 

West Virginia. We first upgrade its 100-m diameter, single offset main reflector 

to a low cross-polarized dual offset Gregorian antenna based on the Virginia Tech 

code DORA, developed by the author. The geometrical parameters determined with 
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DORA are in very good agreement with those published in [7]. New designs can 

be obtained with DORA if the subreflector size is changed. All designs are opti- 

mized for low cross polarization. The GBT dual configuration is a good example 

of a dual offset Gregorian antenna not employing a just fully offset paraboloid as 

the main reflector. The possibility of imposing the practical constraints addressed 

in this dissertation on the GBT case example is discussed in detail. 

5.2 Feed Region Clearance 

As commented in Chapter 1, cost effective designs often require that an 

existing single offset reflector mold be used to construct the main reflector of a 

dual configuration. Many such molds are for just fully offset geometries. This in 

turn leads to a dual reflector configuration that is Gregorian with the feed axis z; 

intersecting the main reflector; see Fig. 3.1 and Section 3.2 for further information. 

The same problem may also occur in certain Gregorian configurations even when 

the main reflector is not just fully offset. It is desirable that the final design provide 

suitable clearance between the bottom of the main reflector and the feed axis in order 

to access the feed antenna with a straight section of waveguide, thus reducing the 

complexity and cost of the mechanical structure. In general, the distance d, between 

the projection of the bottom of the main reflector (point L, in Fig. 3.2) and the feed 

axis displacement from the reflector axis (s) as shown in Fig. 5.1 is given by 

d, = d, —(H — D/2) = F tany— 2c (sin8+ cos #@tany) — (H — D/2) (5.1) 
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Figure 5.1. Geometrical determination of the distance d,. 
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All symbols are defined in Table 3.1. The angle + is related to a and 6 as 

y=a-8 (5.2) 

which follows from the triangle shown in Figs. 3.2 and 5.1 and formed by the points 

I, Fy and Fy. 

We note from Figs. 3.2 and 5.1 that for d, = 0, the feed axis strikes the 

projection of the bottom edge of the main reflector (point L,). For d, < 0, there 

is a clearance between the bottom of the main reflector and the feed axis. For the 

classical configuration specified in Table 3.4, (5.1) yields 

d, = 13.7562 cm = 6.5342 2 (5.3) 

showing that the feed axis intersects the main reflector of the analyzed configuration; 

see Fig. 3.7. Decreasing the angle + brings the feed axis away from the main reflector, 

allowing access to the feed with a straight section of waveguide and creates additional 

room for feed assembly hardware. 

Figure 5.2 shows the behavior of § as a function of a, such that Mizugutch 

condition (3.1) is satisfied. The curves follow from (3.1) with e as a parameter. It is 

easy to see from Fig. 5.2 that a is always greater than 8. Thus, it is not possible to 

produce a Gregorian design optimized for low XPOL according to (3.1), such that 

the feed axis is directed away from the main reflector. This can be achieved with a 

Cassegrain configuration, but a main reflector other than just fully offset should be 

employed to avoid blockage; see Section 3.2. 
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Figure 5.2. Dependence of angle 8 on angle a for geometries optimized for low 

XPOL according to Mizugutch condition. The curves follow from (3.1) for various 

subreflector eccentricity e values. Angles a and are defined in Table 3.1. 
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Thus, the maximum possible clearance for a Gregorian configuration occurs 

with 7 = 0° (i.e., a = 8), which corresponds to a design with the feed axis parallel to 

the main reflector axis of symmetry (s). For this condition we can define the angle 

VY as 

y=a=8 (5.4) 

The Mizugutch condition (3.1) then can be rewritten as 

2e€ 

COs VY 

  =1l+e’?—|e?—1| (5.5) 

where the subreflector eccentricity is by definition a positive number (i.e., e > 0) 

[35]. We now investigate all possible solutions of (5.5). 

Case 1: Spherical Subreflector, (ec? -—1) <0or0<e< 1. 

Then |e?—1] = —(e?—1) = (1—e?) and (5.5) has the following two possible solutions: 

  

e=0 (spherical subreflector) (5.6) 

and 

1 

© Cos (5-7) 

but the latter can be eliminated since it violates the condition (e? — 1) < 0. 
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Case 2: Parabolic Subreflector, (e? — 1) =0 ore = 41. 

The value e = +1 is used since e > 0 and (5.5) is satisfied for 

y = 0° (5.8) 

which corresponds to the double paraboloid configuration (i.e., both the main reflec- 

tor and the subreflector are offset paraboloids). Since in this case the focal point Fy» 

is at infinity, the primary radiation should be as close to a plane wave as possible. 

Case 3: Planar subreflector, (ce? —1) >0ore>1. 

Then |e? — 1| = (e? — 1) and (5.5) reduces to 

€ = cosy (5.9) 

which is not a valid solution since it violates the condition that e > 1. This case in- 

cludes the planar subreflector where e = oo. This solution is readily obtainable from 

Dragone condition [34]. Mizugutch and Dragone conditions are alternative mathe- 

matical forms of the same geometrical condition that assures XPOL minimization in 

dual offset reflector antennas [43]; see Appendix C (Chapter 12). 

The spherical subreflector (Case 1) is not considered because the focal points 

F, and Fy fall at the same position at center of the parent spheroid. This requires 

a special primary illumination to avoid caustics. Normally, an additional shaped 

reflector is employed. The planar subreflector (Case 3) is also not considered because 

of excessive spillover loss. Both focal points F, and F»2 are located at infinity in that 
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case. Thus, zero XPOL offset dual reflectors with aligned reflector axes (i.e., (5.5) is 

satisfied) must have a parabolic subreflector. 

For proper operation, the subreflector of the dual parabolic configuration has 

to be illuminated by a plane wave, which can be obtained through the use of a feed 

horn with a lens or an array feed. Although feasible, this solution is not employed 

in the present study due to the constraint of using a single conventional feed. Thus, 

we conclude that for the stated design constraints, the feed and the main reflector 

axes cannot be parallel; i.e., a # £. 

An exact, practical solution does not exist because the posed problem was 

over constrained. However, we discovered that a solution does exist if the zero XPOL 

condition is relaxed to very low XPOL. This is accomplished by rotating the parent 

ellipsoid (i.e., the conical surface from where the offset subreflector is generated) 

until the desired clearance is obtained. However, this must be done in a way such 

that the feed remains pointed toward the intersection of the new subreflector and 

the ray coming from the center of the main reflector. The proposed procedure, fully 

described in the next section, avoids the introduction of spillover and phase errors, 

thus maintaining a satisfactory aperture efficiency and broad operational bandwidth. 

5.3 Rotation of the Parent Ellipsoid 

5.3.1 Analytical Development and Numerical Implementa- 

tion 

In this section we derive the expression for the value of 8, denoted $p, that 

yields the desired angle 7’ between the main reflector and feed axes. Once 7’ is 
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known, (5.1) is used to determine the new clearance d), between the feed axis and 

the bottom of the main reflector. We start by noting that the parent ellipsoid for 

the subreflector is only rotated and, therefore, the parameters c, e, and f,, should 

remain unchanged. It can be shown using Fig. 5.3 and expressions derived in [35] 

  

that 

a! = sine sin[180° — (8+ 6r+wvc)]} (5.10) 
2 

where 

, l+e 

aT ecos(180° — (6+ rt bol? (5.11) 

and 

p, = 2(c+ fs) — pi (5.12) 

p, is the distance between the points Fj; and B’ in Fig. 5.3, and pj is the distance 

between Fj and B’. All other parameters are defined in Table 3.1. Equation (5.2) 

yields 

a’ = (8 + Br) +7’ (5.13) 

since 3’ = 6 + Gr; see Fig. 5.3. Using (5.10) in (5.13), one obtains the following 

transcendental equation 
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Figure 5.3. Geometry for determining of parent subreflector rotation @r. 
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l+e fs 
1—e cos(180 oT Ppa te) sin(180° _ B—-Br-wc) = sin(8+@rt+y’) (5.14) 

2(c + fs) ~~ J=ecos(180°—B—Br—wc)4§ 

  

  

where {8p is the angle of rotation that yields the desired angle +’ between the main 

reflector and feed axes. Given the initial configuration and the desired angle y’, (5.14) 

can be employed to determine frp. The value of 7’, denoted -y,, such that the feed 

axis (z+) just touches the apex of the main reflector (point A) is given approximately 

by 

FB cos Yo a (5.15) 
F+FBsindc 

yi, & tan | 

where FB is the distance between the points F, and B in Fig. 5.3. Equation (5.15) 

is approximate because the point B displaces slightly during rotation of the parent 

ellipsoid. However, this is not a problem because usually only values of +’ smaller 

than +’, are employed when the main reflector is a just fully offset paraboloid. That 

is because clearance between the feed axis and the main reflector is expected for 

values of y’ such that 7’ < y,. When the main reflector is not just fully offset, 

a value greater than +), may be employed depending on the degree of offset and 

on the desired amount of clearance. Although approximate, (5.15) is helpful in the 

determination of an adequate value for 7’. 

The developed procedure, described by (5.10) to (5.15), was implemented 

in the program ROTATION. As already mentioned, the minimum XPOL Gregorian 

design produced by optimization codes such as OPTIMUM described in Section 3.4 

very often has the feed axis intersecting the main reflector. This is avoided by using 

ROTATION, which rotates the parent ellipsoid (i.e., the conical surface from where 
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the offset subreflector is generated) until a desired clearance is obtained. This allows 

access to the feed antenna with a straight section of waveguide, thus reducing the 

complexity and cost of the manufacturing process. The rotation is performed in a way 

such that the feed remains pointed toward the intersection of the new subreflector 

and the ray coming from the center of the main reflector. The procedure avoids the 

introduction of spillover and phase errors, thus maintaining a satisfactory aperture 

efficiency and broad operational bandwidth. Typical input and output parameters 

used in ROTATION are: 

Input parameters required by ROTATION: D, F, H, e, f,, a, 8, and the 

desired angle ¥. 

Output parameters (after rotating the parent ellipsoid): 02, a, 8, e, c, fs, 

d., Wc, WL, wu, and the subreflector projections onto the z,y,-plane and y,2z,- 

plane. 

5.3.2 Numerical Results and Comments 

It is important to note that after rotation the conditions for low XPOL, (3.1) 

and/or (3.2), are no longer satisfied. Therefore, substantial XPOL is now present in 

the system. This is illustrated using the classical configuration of Table 3.4 as the 

initial configuration. In this case, (5.15) yields 

“yy = 5.02° (5.16) 
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Choosing +’ = 3° and solving (5.14) numerically gives 

Br = 11.41° (5.17) 

Rotating the parent ellipsoidal subreflector of the classical configuration 

specified in Table 3.4 by the amount in (5.17), produces the configuration listed 

in Table 5.1 and shown in Fig. 5.4. The subreflector projected height, D6, is given 

by 

Di.= l+e 

> 1 — ecos(180° — (6’ + dy) 
l+e 

~ 1 —ecos{180° — (B’ + oz)] 

  Ff, cos(90° — yu) (5.18) 

  f, cos(90° — pz) = 15.8273 A 

which is close to the value of 14.1800 4, prior to the rotation (obtained from (5.18) by 

replacing 6’ with 8). The difference is due to the fact that the offset subreflector is 

now cut from a different section of the parent ellipsoid. The new clearance distance, 

d'., for the geometry specified in Table 5.1 is given by (5.1) with 8 and y replaced by 

6 and 4’: 

d’. = —9.1366 cm = —4.3399 (5.19) 

This shows that clearance between the feed axis and the bottom of the main reflector 

was achieved by means of the rotation of the parent ellipsoidal subreflector. 

However, as already noted, XPOL performance is expected to deteriorate 

due to the rotation. Figure 5.5 shows the co- and cross-polarized patterns computed 

by GRASP7 in the yz-plane for the configuration of Table 5.1 illuminated by an 

LP feed with no XPOL. The performance values are summarized in the same table. 

The XPOL is -33.14 dB, which is more than 15 dB worse than for the classical 

configuration. 
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Table 5.1. 

Geometric Configuration and Computed Performance Values for the Clas- 

sical Offset Dual Reflector of Table 3.4 After Rotation of the Parent EI- 

lipsoidal Subreflector (see Table 3.1 for definitions of symbols) 

Main Reflector (paraboloid): 

D = 115.8240 A 

D, = 231.6480 A 

F/D, = 0.3048 

wc = 44.60° 

ey = 78.72° 

Subreflector (ellipsoid): 

1 = 15.8273 \ 
c = 12.6340 A 

f, = 9.9146 
e = 0.5603 

Bp’ = 15.53° 

Feed (located at the focal point F»): 

Pattern shape = Gaussian (Fig. 4.1) 

Gain G = 22.30 dBi 

a’ = 18.53° 

7’ = 3.00° 

11 dB beamwidth = 26.76° 

Polarization = Linear (z s-directed) 

XPOL = None 

Computed Performance Values: 

Gain (G), dBi 49.88 
Cross polarization level (XPOL), dB -33.14 

Side lobe level (SLL), dB -26.79 

Spillover loss, dB 0.31 

Aperture efficiency (€ap), % 73.47 
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Figure 5.4. Geometry of the dual offset Gregorian reflector antenna after rotation of 

the parent ellipsoidal subreflector. The configuration parameters are listed in Table 

5.1 (f = 14.25 GHz). Note the clearance between the bottom of the main reflector 

and the feed axis. 
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Figure 5.5. Computed co- (solid curve) and cross-polarized (dotted curve) far-field 

patterns for the configuration of Table 5.1, obtained by rotation of the parent el- 

lipsoidal subreflector. The patterns were computed in the ¢ = 90° plane (i.e., the 

yz-plane in Fig. 3.2). The XPOL peak is 33.14 dB below the COPOL peak. 
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The XPOL level of -33.14 dB (after rotation) may not be adequate; however, 

it can be reduced by changing the eccentricity value of the ellipsoidal subreflector as 

discussed in the next section. Table 5.6 in Section 5.6 summarizes all the necessary 

steps developed in Chapters 3 and 5 for designing a low cross-polarized, dual offset 

reflector antenna with adequate clearance between the main reflector and feed axis. 

5.4 Reduction of System XPOL by Altering the 

Subreflector Eccentricity Value 

5.4.1 Analytical Development and Numerical Implementa- 

tion 

In this section the procedure for reducing XPOL by changing the eccentricity 

value of the ellipsoidal subreflector is developed. First, we note from Fig. 5.6 that 

the configuration of Table 5.1 (after rotation) satisfies Mizugutch condition (3.1) for 

a new subreflector eccentricity value of e” = 0.0896 (the value listed in Table 5.1 is 

0.5603). However, such a small eccentricity value causes the feed axis to intersect 

the main reflector once again (d{ = 3), or results in a subreflector height larger 

than that of the main reflector (D§ = 181.4764 4), depending on whether f, or c 

is kept constant for the new value of e. Although illustrated for the configuration 

of Table 5.1, this is a generic result since as we rotate the parent subreflector, + 

decreases with a — (, and e — 0; see Fig. 5.6. Therefore, directly use of (3.1) with 

the geometry obtained after the parent subreflector rotation yields low eccentricity 

values and is herein discarded. 

In Section 5.3.1 we showed that the double paraboloid configuration is the 

only practical solution to (3.1) that yields a design with the feed axis parallel to the 
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Figure 5.6. Dependence of angle ( on angle a for geometries optimized for low XPOL 

according to the Mizugutch condition. The values of a and # for the configurations 

listed in Tables 3.4 (before rotation) and Table 5.1 (after rotation) are shown in the 

figure. Note that the configuration of Table 5.1 (after rotation) satisfies Mizugutch 

condition (3.1) for a new subreflector eccentricity value of e” = 0.0896 (the value 

listed in Table 3.4 is e = 0.5603). This, however, is not a practical solution as 

discussed in the text. 
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main reflector axis. This shows that as y — 0°, with a — 0° and @ — 0°, then 

e —+ 1. Therefore, as we reduce 7 by subreflector rotation, a and { should also be 

reduced by increasing e in order to reduce XPOL and eventually satisfy Mizugutch 

condition (3.1). For the geometry of Table 5.1 (after rotation), this is achieved by 

increasing the value of e, which reduces a and £ as indicated by the arrow in Fig. 5.6. 

Note that the angle y = a — 6 = 3° is kept constant, thus preserving the clearance 

obtained with the subreflector rotation. Furthermore, the proposed procedure gives 

control on the amount of XPOL to be reduced, since e can be altered just enough 

to meet a XPOL specification without necessarily satisfying Mizugutch condition. 

Thus, the proposed approach is to increase the subreflector eccentricity e 

to a new value, e”. This relocates the focal point Fj to a new position F;/ on the 

feed axis zs as shown in Fig. 5.7. Note that when Fy is at infinity, e” = 1. This 

procedure keeps the angle y’ = a’ — §’ = a” — £” constant, thus maintaining the 

desired clearance between the feed axis and the bottom of the main reflector. In 

addition, the subreflector height D& remains approximately the same since f, is not 

altered. 

According to Fig. 5.7, the new value of 6’, denoted 6”, is determined by 

noting that, 

h' = 2csina’ = 2c"sina” (5.20) 

but a! = §'4+7' and a” = 8" +7’. Thus, 

" = sin™"[S sin(' + ¥')] -7' (5.21) 
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20" 

Figure 5.7. Geometrical determination of 8” for a new value of the subreflector 

eccentricity e”. 
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where c” is determined according to the new eccentricity value e” (e < e” < 

1) [38], 

  

(5.22) 

The procedure described by (5.20) to (5.22) and Fig. 5.7 was implemented 

with other equations in the program ECCENTRICITY. Together with OPTIMUM, 

VERIFY and ROTATION, ECCENTRICITY forms the DORA package (Dual Off- 

set Reflector Antenna Synthesis Package). Using the design generated by ROTA- 

TION as the starting point, ECCENTRICITY computes the various geometrical 

parameters of the dual offset configuration for a new subreflector eccentricity value, 

which is specified by the user. In general, eccentricity values greater than the one 

used with ROTATION will reduce system XPOL. ECCENTRICITY produces a low 

cross-polarized (-35 dB or better) dual offset Gregorian antenna which has adequate 

clearance between the feed axis and the bottom of the main reflector. The designed 

configuration has the ability to operate with either a LP or a CP feed over a wide 

bandwidth without the need of being repositioned (no substantial beam squint). 

Typical input and output parameters used in ECCENTRICITY are: 

Input parameters required by ECCENTRICITY: D, F, H,c, f;, a, 8, and 

the new eccentricity value for the ellipsoidal subreflector. 

Output parameters (after altering the eccentricity value): 6, a, 8, e,c, fs, 

d., wo, WL, ¢u, and the subreflector projections onto the z,y,-plane and y,2;- 

plane. 
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In addition, ECCENTRICITY creates a data file that numerically describes 

the subreflector surface as a set of points defined with respect to the subreflector 

coordinate system 2,ys2Z5; see Fig. 3.2. This is a valuable feature especially when 

the subreflector is to be fabricated by a computerized machining process. 

5.4.2 Numerical Results and Comments 

In order to investigate the behavior of XPOL as a function of the eccentricity 

value e”, we define the following figure of merit 

\(e"”)? _ 1| sin B" 

(1 + (e”’)?] cos pu — Qe!" 
  Am = |tana” — | (5.23) 

which was obtained by taking the difference between the left and right sides of 

Mizugutch condition (3.1). A decrease in Ay indicates a decrease in system XPOL, 

with Mizugutch condition being satisfied for Ay — 0. 

Figure 5.8 shows Ay as a function of e” for the configuration specified in 

Table 5.1. It is easy to see from Fig. 5.8 that XPOL reduction should be achieved 

by increasing the eccentricity value from e = 0.5603 (Ajay = 0.9282) to e” = 0.8785 

(Am = 0). In general, any configuration presenting a rotated parent ellipsoid can 

satisfy Mizugutch condition (3.1) by means of replacing the eccentricity value e by 

one within the range e < e” < 1. However, as e is increased, the distance between 

the feed and the subreflector increases (see Fig. 5.7), increasing the spillover loss. 

This leads to penalties in gain and aperture efficiency. Therefore, it is recommended 

to alter e just enough to meet the specifications on XPOL. 
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Figure 5.8. Figure of merit Ay as a function of the eccentricity e”. The point shown 

is for the initial value e = 0.56 which is the dual offset configuration specified in 

Table 5.1. 
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Table 5.2 lists the dual reflector configuration obtained by replacing the 

subreflector of Table 5.1 (e = 0.5603) by one with e” = 0.6300 (Ay, = 0.7571). The 

geometrical configuration is shown in Fig. 5.9. Note the clearance between the feed 

axis and the bottom of the main reflector. Figure 5.10 shows the corresponding co- 

and cross-polarized patterns computed in the yz-plane. We note that the proposed 

configuration presents XPOL = -35.12 dB, thus meeting the specification for low 

XPOL and maintaining the desired clearance d’, given in (5.19). Table 5.2 also 

summarizes all the computed performance values. The eccentricity value of 0.6300 

was obtained by increasing e until system XPOL was just below -35 dB and resulted 

in a satisfactory aperture efficiency of about 70%. If eccentricity values larger than 

0.6300 (but smaller than 0.8785) are used, see Fig. 5.8, lower XPOL levels are 

obtained at sacrifice of gain, as already discussed. It is worth mentioning that the 

final design is broadband since no phase errors are introduced. 

Finally, for completeness, we use the same sub-optics assembly listed in 

Table 5.2 with the 1.8-m diameter main reflector specified in Table 3.3. The resultant 

configuration is listed in Table 5.3 and shown in Fig. 5.11. Table 5.3 also summarizes 

all the performance values, obtained with GRASP7 in the yz-plane. We note that 

the configuration presents XPOL = -35.04 dB, thus meeting the specification for low 

XPOL and maintaining an adequate clearance between the feed axis and the bottom 

of the main reflector. In fact, the clearance distance is now larger than the one 

obtained with the 2.4-m diameter main reflector. This is because the 1.8-m diameter 

dish has a shorter focal length; see Fig. 3.4 in Section 3.5 for further details. In 

the next section we investigate the possibility of enforcing the practical constraints 

discussed in this dissertation on the Green Bank Telescope reflector antenna. 
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Table 5.2. 

Geometric Configuration and Computed Performance Values for the Off- 

set Dual Reflector Antenna Specified in Table 5.1 After Alteration of the 

Ellipsoidal Subreflector Eccentricity Value (see Table 3.1 for definitions 

of symbols) 

Main Reflector (paraboloid): 

D = 115.8240 A 

D, = 231.6480 

F/D, = 0.3048 

bo = 44.60° 

wy = 78.72° 

Subreflector (ellipsoid): 

Di = 15.7576 A 

c” = 16.8816 A 

fs = 9.9146 

e” = 0.6300 

B" = 10.76° 

Feed (located at the focal point F): 

Pattern shape = Gaussian (Fig. 4.1) 

Gain G = 22.30 dBi 

a” = 13.76° 

4’ = 3.00° 

11 dB beamwidth = 26.76° 

Polarization = Linear (2 ;-directed) 

XPOL = None 

Computed Performance Values: 

Gain (G), dBi 49.63 

Cross polarization level (XPOL), dB -35.12 

Side lobe level (SLL), dB -22.34 

Spillover loss, dB 0.94 

Aperture efficiency (€ap), % 69.20 
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Figure 5.9. Geometry of the dual offset Gregorian reflector antenna after alteration 

of the ellipsoidal subreflector eccentricity value. The configuration parameters are 

listed in Table 5.2 (f = 14.25 GHz). Note the clearance between the bottom of the 

main reflector and the feed axis. 
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Figure 5.10. Computed co- (solid curve) and cross-polarized (dotted curve) far-field 

patterns for the configuration of Table 5.2, which employs an ellipsoidal subreflector 

of eccentricity e = 0.63. The patterns were computed in the ¢ = 90° plane (i.e., the 

yz-plane in Fig. 3.2). The XPOL peak is 35.12 dB below the COPOL peak. 
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Table 5.3. 

Geometrical Configuration and Computed Performance Values for the 

Offset Dual Reflector Antenna Formed by the Sub-Optics Assembly 

Specified in Table 5.2 With a 1.8-m Diameter Main Reflector. 

(a) Main Reflector Configuration 

Shape Offset paraboloid 

Projected diameter (D), A 85.5 

Parent reflector diameter (D,), A 171.0 

Focal length (F) 0.3048 D, 

Offset of reflector center (H) D/2 

(b) Subreflector Configuration 

Shape Offset ellipsoid 

Projected height (D¢), A 15.7576 

Parameter c” of ellipse, A 16.8816 

Parameter f, of ellipse, A 9.9146 

Eccentricity (e’) 0.6300 

Angle 6”, degrees 10.76 

(c) Feed Configuration 

125 

Polarization Linear (zs) 

Pattern shape Gaussian 

Gain (Gy), dBi 22.30 

11-dB beamwidth, degrees 26.76 

Angle a”, degrees 13.76 

Angle +’, degrees 3.00 

Distance d,, A -5.31 

(d) System Performance (GRASP) 

Gain (G), dBi 46.98 

Cross polarization level (XPOL), dB -35.04 

Side lobe level (SLL), dB -22.37 

Spillover loss, dB 0.94 

Aperture efficiency (€a,), % 69.10
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Figure 5.11. Geometry of the dual offset Gregorian reflector antenna specified in 

Table 5.3 (f = 14.25 GHz). Note the clearance between the bottom of the main 

reflector and the feed axis. 

126



5.5 The Green Bank Radio Telescope 

This section briefly summarizes the results of a computational study per- 

formed to evaluate the electrical performance of the Green Bank Telescope reflector 

antenna (7, 8]. All computed patterns were obtained with the commercial code 

GRASP7 [15] and with the Virginia Tech code PRAC (Parabolic Reflector Analy- 

sis Code). The Green Bank Telescope (GBT) consists of a 100-m diameter offset 

parabolic reflector that can be operated as a single offset reflector system (prime- 

focus), or as a dual offset Gregorian reflector system with an ellipsoidal subreflector 

(7, 8]. The Gregorian configuration allows the main reflector to be used in either 

mode without the need of removing the subreflector. This is not possible with a 

Cassegrain configuration [7]. 

We performed calculations on the dual offset Gregorian configuration to op- 

timize its performance for low cross polarization (XPOL) using the Virginia Tech 

code DORA, Dual Offset Reflector Antenna Synthesis Package, developed by the 

author. The geometrical parameters determined with DORA are in very good agree- 

ment with the ones published in [7]. New designs can be obtained with DORA if 

input parameters, such as the subreflector size obtained from [7], are changed. 

5.5.1 The GBT Single Offset Configuration 

We start by examining the GBT single offset configuration with the char- 

acteristics listed in Table 5.4. The symbols are defined in Table 3.1 and are shown 

in Fig. 3.2. Figure 5.12 shows the computed co- and cross-polarized patterns for 

the offset parabolic reflector of Table 5.4 in the yz-plane. XPOL is expected to be 

maximum in this plane [4]. The patterns were computed using both the commercial 

code GRASP7 [15] and the Virginia Tech code PRAC. 
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Table 5.4. 

Geometrical Parameters and Performance Values for the GBT Single 

Offset Reflector Configuration 

(a) Main Reflector Configuration 

Shape: Offset paraboloid 

Projected diameter (D), m 100.0 

Parent reflector diameter (D,), m 208.0 

Focal length (F'), m 60.0 

Offset of reflector center (H), m 54.0 

(b) Feed Configuration PRAC GRASP 

Polarization Linear (zy) Linear (z,) 

Pattern shape cos*°8 Gaussian 

Gain (G;), dBi 13.08 13.14 

10-dB beamwidth, degrees 77.92 77.92 

Feed pointing angle (~;), degrees 42.77 | 42.77 

Feed Taper (Lower,Upper), dB (-10.0,-10.0) (-10.0,-10.0) 

(c) System Performance PRAC GRASP 

Gain (G), dBi 82.87 82.79 

Cross polarization level (XPOL), dB -21.54 -21.56 

Side lobe level (SLL), dB -26.72 -27.21 

Aperture efficiency (€ap), % 78.48 77.05 
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Figure 5.12. Radiation patterns of the GBT single offset reflector configuration 

specified in Table 5.4 (f = 15 GHz). 
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PRAC is a user friendly code developed by the author to analyze axisymmet- 

ric and offset parabolic reflectors. PRAC evaluates the radiation integral (physical 

optics surface current integration) with the Jacobi-Bessel method [13, 14], and yields 

the co- and cross-polarized radiated fields with high accuracy and efficiency; see 

Appendix B (Chapter 11) for a complete description of PRAC. 

We note from Fig. 5.12 that both PRAC and GRASP7 yield almost identical 

results for this reflector configuration. Table 5.4 also lists the computed performance 

values. Aperture efficiency (€a,) was computed according to (3.16) [12]. 

This example is typical of single offset reflectors and shows that single offset 

paraboloids illuminated by conventional feeds are limited by XPOL performance. A 

XPOL level of about -22 dB is often unacceptable high. In the next section we add 

an ellipsoidal subreflector to the GBT offset paraboloid in order to form a low XPOL 

dual offset Gregorian configuration. 

5.5.2 The GBT Dual Offset Gregorian Configuration 

Dual offset reflector configurations can be designed for low geometrical op- 

tics XPOL when illuminated by a pure linearly polarized feed [16, 31]. Our goal 

is to study how the GBT of Table 5.4 can be upgraded to a low cross-polarized, 

dual offset Gregorian reflector antenna. This can be accomplished by adding a con- 

cave ellipsoidal subreflector to the original single reflector system, as explained in 

Chapter 3. The general geometry of a dual offset Gregorian antenna is presented in 

Fig. 3.2 and the symbols are defined in Table 3.1. 
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The procedure presented in Chapter 3 is especially useful in upgrading exist- 

ing single reflector configurations with any degree of offset and is applied to the GBT 

offset paraboloid of Table 5.4 to determine the corresponding low cross-polarized 

dual configuration. Design parameters, such as the desired subreflector size, were 

obtained from [7]. The resulting configuration is listed in Table 5.5 and agrees well 

with the one published in [7]. Although not performed in this work, new dual con- 

figurations for the GBT offset reflector can be obtained with DORA for different 

design parameters, such as a new subreflector size. 

Table 5.5 also presents the performance values at 15 GHz computed with 

GRASP in the plane normal to the plane of symmetry (i.e., the yz-plane in Fig. 3.2). 

Figure 5.13 shows the co- and cross-polarized patterns computed by GRASP in this 

same plane. We note that XPOL is now -43.01 dB, more than 20 dB lower than the 

XPOL of the single configuration in Table 5.4. However, a feed antenna with high 

XPOL will likely degrade the total system XPOL performance. 

We note from Table 5.5 that the clearance distance d,, computed according 

to (5.1), is 5.3468 m. This shows that the feed axis intersects the main reflector 

of the dual configuration. However, due to the large dimensions of the reflectors 

it is not necessary to impose the clearance constraint introduced in this chapter. 

Nevertheless, this case example shows that the feed axis can intersect main reflectors 

that are not necessarily just fully offset. In general, the problem depends on the 

degree of offset, H, and on the physical dimensions of the reflectors, as showed by 

the GBT case example. 
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Table 5.5. 

Geometrical Parameters and Computed Performance Values for the 

GBT Dual Offset Gregorian Reflector Configuration 

(a) Main Reflector Configuration 

Shape Offset paraboloid 

Projected diameter (D), m 100.0 

Parent reflector diameter (D,), m 208.0 

Focal length (F'), m 60.0 

Offset of reflector center (H), m 54.0 

(b) Subreflector Configuration 

Shape Offset ellipsoid 

Projected height (Ds), m 7.5500 

Parameter c of ellipse, m 5.9855 

Parameter f, of ellipse, m 5.3542 

Eccentricity (e) 0.5278 

Angle (, degrees 5.58 

(c) Feed Configuration 

Polarization Linear (z;) 

Pattern shape Gaussian 

Gain (Gy), dBi 21.31 

10-dB beamwidth, degrees 30.00 

Angle a, degrees 17.91 

Angle +, degrees 12.33 

Distance d,, m 5.3468 

(d) System Performance (GRASP) 

Gain (G), dBi 82.83 

Cross polarization level (XPOL), dB -43.01 

Side lobe level (SLL), dB -22.56 

Aperture efficiency (€ap), % 77.76 
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Figure 5.13. Radiation patterns of the GBT dual offset Gregorian reflector configu- 

ration specified in Table 5.5 (f = 15 GHz). 
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5.6 Conclusions 

A procedure to rotate the parent ellipsoidal subreflector of a dual offset 

Gregorian reflector antenna was introduced. This was necessary to achieve clearance 

between the bottom of the main reflector and the feed axis in our study configuration. 

Manufacturing costs can be substantially reduced through the enforcement of this 

condition. However, the rotation of the subreflector introduces substantial XPOL 

in a system designed to present low XPOL. The proposed solution is to replace the 

subreflector by one of higher eccentricity, producing a design with the desired XPOL 

performance and suitable clearance between the main reflector and feed axis. Also, 

the resultant design presents large operational bandwidth since the feed was relocated 

to the focal point of the new ellipsoidal subreflector, avoiding the introduction of 

phase errors. Table 5.6 summarizes al] the necessary steps developed in Chapters 3 

and 5 for upgrading an existing single offset reflector to a low cross-polarized, dual 

offset reflector antenna with adequate clearance between the main reflector and feed 

axis. 

In addition, the electrical performance of the Green Bank Telescope (GBT) 

reflector antenna was evaluated with the commercial code GRASP7 and the Virginia 

Tech code PRAC (Parabolic Reflector Analysis Code). The Virginia Tech code 

DORA (Dual Offset Reflector Antenna Synthesis Package) was employed to upgrade 

the GBT single offset configuration to a low cross-polarized dual offset Gregorian 

reflector configuration. The geometrical parameters determined with DORA are in 

very good agreement with the ones published in [7]. New designs can be obtained 

with DORA if the subreflector size is changed. 
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Table 5.6. 

Steps for Upgrading an Existing Single Offset Reflector to a Low 

Cross-Polarized, Dual Offset Reflector Antenna With Adequate 

Clearance Between the Main Reflector and Feed Axis 

Procedures Selected Eqs. Figs. Codes 

1: Single Reflector Upgrading (3.4) to (3.10) 3.2 

(3.11) to (3.14) 3.3 OPTIMUM.EXE 

2: Parent Subreflector Rotation (5.1) and (5.18) 5.1 

(5.10) to (5.15) 5.3 ROTATION.EXE 

3: Eccentricity Value Alteration (5.1) and (5.18) 5.1 

(5.20) to (5.22) 5.7 ECCENTRILEXE 

The computer simulations confirmed a low cross polarization level, XPOL, 

when the GBT dual configuration is illuminated by a purely polarized feed antenna. 

A feed antenna with high XPOL will likely degrade the total system XPOL perfor- 

mance. This problem was investigated in Chapter 4 and is re-addressed in the next 

chapter. 
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Chapter 6 

Shaping of Subreflectors for 

System XPOL Reduction 

6.1 Introduction 

The problem of reducing XPOL effects caused by conventional, low-cost feeds 

was first investigated in Chapter 4 and is re-examined in this chapter. A modified 

version of the feed model used in Chapter 4 is considered here. The XPOL effects 

of this feed model cannot be reduced by feed rotation, in contrast to the model used 

in Chapter 4. In addition, the model considered in this chapter approximates better 

the theoretical behavior of conical corrugated horns, a class of feed antennas widely 

employed to illuminate commercial reflector systems [44, 18]. 

The proposed general solution to minimize feed XPOL effects of this class 

of feed antennas is to shape the subreflector of the dual offset configuration. The 

resulting non-conical subreflector (distorted ellipsoid) introduces phase-errors and 

pattern degradation, in contrast to all procedures discussed in previous chapters. 

Nevertheless, the resulting configurations are able to meet all EUTELSAT specifica- 

tions [11], even when illuminated by feed antennas with relatively high XPOL levels. 

The shaping algorithm, based on the gradient method [41], is described in detail in 

this chapter. 
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6.2 Enhanced Feed Model 

Corrugated conical horns are widely employed to illuminate commercial re- 

flector configurations [18]. These antennas are well characterized and entire books 

have already been written on the subject (e.g., [44]). Therefore, we will not com- 

pletely describe the antenna, but rather will present a model that approximates the 

electrical behavior. In order to accomplish that we combine the unbalanced feed 

model of (2.6) with (4.1) and (4.2). The result is [15] 

Eco(#s) = {[Co,(s) cos? ¢7 + Cy, (8s) sin’ $y] + p[Co, (9s) — Ce, (05)] cos os sin bs)} 
A A . eI8r 5 

[@¢ cos by — df sin dy|   (6.1) 

and 

Ecross(7s) = {pr[Co, (0s) sin? os +Cy, (8) cos” $4|+[Co,(9¢)-Ce,(A4)] cos dy sin ds)} 
eI8r 5 

  [6; sin dy + b5 cos dy] (6.2) 
rf 

This model is nominally linearly polarized along the zy-direction. XPOL is intro- 

duced with non-zero values of p,, which is described in Section 4.2 and given by 

(4.3). It is important to note that (6.1) and (6.2) reduce to (4.1) and (4.2) for 

Coe, (8) = Cg, (Os) (i-e., balanced case). In addition, (6.2) yields the cross-polarized 

peaks in the 45°-planes, which is consistent with measured data and more sophisti- 

cated theoretical models [44]. 

In this chapter the E- and H-plane patterns, Cy,(0s) and C4,(6;), are de- 

scribed by Gaussian models similar to (2.10). The amplitude levels are set to different 

values in each plane in order to produce the cross-polarized peaks in the 45°-planes. 

In addition, the peak cross-polarized lobes alternate in phase, which makes the feed 
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rotation technique of Chapter 4 ineffective. The proposed solution to reduce XPOL 

effects of this class of feeds is subreflector shaping. This is accomplished using a 

shaping algorithm based on the gradient method, as explained in the next section. 

6.3 The Gradient Method 

6.3.1 Theoretical Formulation and Numerical Implemen- 

tation 

The gradient of a scalar function, VX, is a vector pointing in the direction 

of maximum increase of X (251, 2s2,---,Z%sn)- The size of the gradient, |V_X|, indicates 

the rate of that variation. Both the gradient direction and size are independent of 

the chosen coordinate system [45]. 

Since, in the present case, the analytical form of the function X describing 

the XPOL behavior of the dual reflector antenna system is unknown, we approximate 

the unitary vector g in the direction of VX by (first order approximation) 

    

  

j= VX ~ BALE + GAR Za t... + Bem z en (6.3) 

VX] [Ae + (S22) +... + (SEP 

where A.X; is the variation in XPOL due to an incremental perturbation of the zth 

coordinate z,;, with all others kept constant. The index z varies from | to n, where n 

is the dimension of the space defined by the set of orthogonal vectors 251, Z52,..., Zsn- 

If we specify the subreflector shape as an interpolation of a discrete set of 

points (si, ¥si; Zi), With z,; and y,; constants, for 7 = 1,2,...,n, we can represent a 
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new subreflector shape by a new set of z,; values. If the initial subreflector shape is 

specified by the point P, in the n-dimensional space, motion in the direction opposite 

to gj (i.e., the gradient of X at P,) will lower the value of X, unless P, is already a 

point where X is locally minimum. 

Let P, be a point where X assumes the first (i.e., closest to P,) minimum 

value in the direction gj. The distance between the points P, and P2 is known as the 

optimum step t [42]. It is optimum in the sense that steps larger than t may yield 

values for X greater than those presented at Pp. 

Once P, is determined a new unitary gradient vector g2 is calculated and the 

process is repeated. If, at the end of an iteration, the XPOL performance is below 

the user’s requirement (i.e., stop criterion), the process is terminated. The gradient 

method normally converges independent of the initial conditions [41], and is highly 

recommended when the analytical form of the function to be optimized is unknown. 

These properties, combined with its excellent numerical stability, makes the gradient 

method specially suitable for our subreflector shaping purposes. 

In order to determine the optimum step t, one can use any one-dimensional 

optimization technique (e.g., searching methods). Note that since the step is rel- 

atively large, the “descent” process is not the steepest possible one. However, by 

calculating an optimum step at each iteration, we guarantee that the necessary num- 

ber of gradient evaluations is the minimum possible one. 

We note that X must be evaluated (n + 1) times in order to determine g 

at a given point P of the n-dimensional space, one time to calculate the value of 

X at P, and n times to compute the variations AX; with respect to that initial 

value, where 7 = 1,2,...,n. For each AX;, only the coordinate z,; varies, while all 

others are kept constant with values defined by P. The amount of each variation 

Az,;, see (6.3), is perhaps the most important parameter in the gradient method. 
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This variation should not be too large or the approximation of the differential by 

the difference quotient will not be satisfactory. On the other hand, it should not be 

lower than a certain minimum or roundoff errors will deteriorate the accuracy of the 

approximation. For the shaping problems discussed herein, the following values were 

chosen: 

Azsi = Azs2 =..06= AZsn = 0.12A (6.4) 

This value was chosen based on the fact that this amount of surface perturbation 

yields reasonable variations of XPOL (e.g., 0.3 dB). However, values in the range 

0.05A < Az,; < 0.2 also proved to give satisfactory results. In order to avoid a 

surface discontinuity when z,; is perturbed, some points around it are also perturbed. 

The amount of perturbation is proportional to the distance from the considered point 

to z,;. Of course, this is also a critical parameter, and a careful investigation is 

required. We choose 

Azsi4 = 0.6 Azs; (6.5) 

Azsi¢4 = 0.2 Azsi 

where 2,;4 represents the z,—coordinates of all points with projections onto the 

ZsY;— plane located immediately next to the z,; projection. z.;4, are the points 

immediately next to the z,;4 points. 

A possible implementation of the proposed technique is to first create all the 

necessary files describing the perturbed subreflector surfaces. Then, the gradient and 
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step t are computed based on the results of the analysis performed by GRASP7 on 

each of those files. Based on that information, a new subreflector shape is determined. 

Finally, GRASP7 is used to analyze the new geometry, computing the new XPOL. 

The procedure can be repeated for further improvement. 

6.3.2 Numerical Results and Comments 

In order to illustrate the procedure we employ the dual offset Gregorian 

reflector antenna specified in Table 3.4 illuminated by a feed antenna described by 

(6.1) and (6.2). The feed antenna has a 11 dB taper at 13.38° in the E-plane, Co, (95), 

and a 8.5 dB taper at 13.38° in the H-plane, C,(0;). This produces a feed peak 

XPOL level of -26.60 dB in the 45°-planes. The resulting co- and cross-polarized 

reflector patterns computed by GRASP7 in the 45°-planes at 14.25 GHz are shown 

in Fig. 6.1. We note that the patterns are not symmetrical, with XPOL lobes of 

-32.71 dB at -0.56° and -32.99 dB at 0.68°. Although not shown, system XPOL is 

very low in the yz-plane (i.e., XPOL < -45 dB) since the reflector configuration has 

been optimized for low XPOL. Thus, we conclude that the only XPOL present in 

the system is due to the feed. 

In order to reduce feed XPOL effects, we employ the shaping procedure 

described in the last section. The patterns shown in Fig. 6.2 were obtained after 

one iteration; i.e., the gradient was computed one time. A step of 0.855 \ was used 

to determine the new subreflector shape. Although further XPOL reduction was 

possible with the use of a larger step, the value of 0.8550 A was chosen to keep 

pattern deterioration to a minimum. We note from Fig. 6.2 that the XPOL lobe 

located at -0.58° was lowered to a satisfactory level, -35.20 dB. 
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Figure 6.1. Computed co- (solid curve) and cross-polarized (dotted curve) far-field 

patterns of the dual offset Gregorian configuration specified in Table 3.4 illuminated 

by a feed with a XPOL level of -26.60 dB. The patterns were computed in the ¢ = 45° 

plane. 
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Figure 6.2. Computed co- (solid curve) and cross-polarized (dotted curve) far-field 

patterns after 1 subreflector shaping iteration; i.e., the gradient was computed one 

time. The patterns were computed in the ¢ = 45° plane. 
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A second iteration yields the patterns shown in Fig. 6.3. A step of 0.7125 A 

was used to determine the final subreflector shape. We note that the patterns are not 

symmetrical, with XPOL lobes of -35.13 dB at -0.56° and -35.06 dB at 0.62°. As in 

the first iteration, further XPOL reduction was possible with the use of larger steps. 

However, it was decided to shape the subreflector just enough to meet the XPOL 

specifications of -35 dB. Figure 6.4 shows the cross-polarized contour plot computed 

by GRASP7 for the final configuration. This confirms that XPOL has been reduced 

to less than -35 dB, at least over the region occupied by the main beam and near-in 

sidelobes. Each iteration took 6 hours of processing time in a 486 DX2 - 50 MHz. 

The subreflector was modeled in a grid of 400 points (20x20); see Section 6.3.1 for 

further information. In order to keep the exposition as clear as possible the details 

involved with the meshing algorithm and corresponding numerical implementation 

are not discussed here. 

The computed gain of the final configuration is 48.56 dBi, which yields an 

aperture efficiency of 56.74%. The gain loss is attributed mostly to phase errors, 

which can be compensated by shaping the main reflector [46]. In this work the 

shaping of the main reflector is not considered due to the constraint of using an 

existing main reflector mold; see Chapter 3. The shaped subreflector obtained after 

the two iterations is shown in Fig. 6.5 and deviates from a perfect ellipsoid as shown 

in Fig. 6.6. We note that the maximum deviation is approximately 0.5 cm 0.254, 

which compares well with the amount of deviation obtained in [46]. In addition, 

the final subreflector is symmetric with respect to the y,z,-plane (or yz-plane). Due 

to the relatively small amount of shaping, it was not necessary to constrain the 

optimization process to yield only continuous and smooth surfaces. This, however, 

can be accomplished by modeling the subreflector surface with a set of orthogonal 

expansion functions that guarantee continuity and smoothness [46]. 
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Figure 6.3. Computed co- (solid curve) and cross-polarized (dotted curve) far-field 

patterns after two subreflector shaping iterations; i1.e., the gradient was computed 

twice. The patterns were computed in the ¢ = 45° plane. 
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Figure 6.4. Contour plot (dB) of the computed cross-polarized pattern after two 

subreflector shaping iterations; i.e., the gradient was computed twice. 
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Figure 6.5. 3D view of the shaped subreflector 
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Figure 6.6. Deviation of the shaped subreflector from a perfect ellipsoid. 
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Although not shown, XPOL remained below -35 dB over the entire trans- 

mitting frequency band defined for the EUTELSAT specifications; i.e., from 14.0 

GHz to 14.5 GHz [11]. In addition, the resulting configuration also met the -35 dB 

XPOL specification when illuminated by a purely linearly polarized feed. This shows 

that the shaping can be based on the frequency where the feed XPOL characteristics 

are WOTSE. 

6.4 Conclusions 

In this chapter we investigated the possibility of shaping the subreflector 

of a dual offset configuration in order to compensate for feed XPOL effects. The 

employed feed model approximates well the behavior of corrugated conical horns, a 

class of feed antennas widely used to illuminate reflectors. The shaping algorithm, 

based on the gradient method, proved to be effective to reduce feed XPOL effects. 

However, phase errors are introduced by the shaped subreflector, causing gain loss 

and pattern deterioration. Nevertheless, the resulting configuration was able to meet 

all EUTELSAT specifications on XPOL and sidelobe levels [11]. Although applied 

to a specific case example, the shaping algorithm was presented in a generic way and 

is certainly able to handle other configurations. 

It is possible to compensate for a certain amount of feed XPOL through the 

shaping of both the main reflector and the subreflector [40]. This avoids the pattern 

deterioration caused by shaping only the subreflector, which might be replaceable 

by a lens as suggested in [6]. In this work the shaping of the main reflector is not 

considered due to the constraint of using an existing main reflector mold; see Chapter 

3. The problem of shaping only the subreflector of a dual offset reflector system is 

addressed once more in the next chapter. 
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Chapter 7 

Future Work 

7.1 Preliminary Considerations 

In this chapter we discuss two original concepts that follow directly from the work 

performed in this dissertation. One of them, the synthesis technique, is an alternative 

procedure to the optimization algorithm employed in the last chapter. The other 

concept is a generalization of the equivalent paraboloid concept described in the 

Appendix C (Chapter 12). The concepts can form future research topics in the area 

of reflector antennas. 
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7.2 The Synthesis Technique 

7.2.1 Synthesis Techniques Vs. Optimization Methods 

A synthesis technique should yield a solution (i.e., the subreflector shape) 

directly from the performance specifications. The technique proposed here is a direct 

closed form process, in contrast to the slower optimization method described in the 

last section. Also, by using a synthesis technique, it is easier to systematically inves- 

tigate the domain where solutions possibly exist. This occurs because the behavior 

of the solutions is described by a known equation or process. Finally, it is always 

possible to run an optimization algorithm, such as the Gradient Method, once the 

synthesis process is terminated. 

7.2.2. The Physical Optics Formulation 

The physical optics approach is completely described in the Appendix A 

(Chapter 10). Here, only the main results are highlighted. In general, the electric 

field radiated by a reflector antenna, at a given observation point in the far-field, can 

be obtained through the solution of the radiation integral [14] 

  

S No eakr x D/2 pax _ . 

E(r) = —j3— (I-—fr)e | J (7) Jge2*?*" pt dpt dds (7.1) 
0 

where 77 eG is shorthand for r(r ea), and (I - rr) is included to remove the radial 

component (far-field approximation). The vector 7 is given by 

r= sin@cos dz + sind sin dy + cos 62 (7.2) 

151



and ri = zit + y/y + z/Z represents points over the reflector (primed coordinate 

system). The quantity T is referred to as the unit dyad, and is equal to the identity 

matrix for our purposes. Jy is the Jacobian transformation of the surface [13], which 

simplifies the evaluation of the integral since it now can be performed over a plane 

instead of the curved surface. J is the current distribution over the reflector surface, 

and is generally obtained using the Physical Optics (P.O.) formulation [12] 

J(F) = 2h x Hinc(*) (7.3) 

where Hine is the incident magnetic field on the reflector (from the feed or other 

source), and 7 is the unit vector normal to the reflector surface. 

Thus, once the feed pattern and the dual reflector geometry are known, it is 

possible to evaluate via (7.1) the far-field of the antenna (co and cross polar compo- 

nents, in magnitude and phase). The process can be performed in two steps. First, 

we compute the magnetic field radiated by the subreflector based on the information 

about the feed and subreflector geometry. Then, using that result as the magnetic 

field incident on the main reflector, (7.1) yields the overall reflector antenna far-field 

pattern. The computation of the incident magnetic field on the reflectors involves 

several rotations and translations of coordinate systems, and the Eulerian angles 

must be employed for generality [47]; see Section 10.3. 

7.2.3. Synthesis of Subreflectors in Dual Offset Antennas 

We conclude from the last section that it is possible to compute the subre- 

flector physical optics currents once the feed pattern and the subreflector geometry 
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are described. In this section, we propose a procedure to determine the shape of a 

subreflector illuminated by a feed with high XPOL, referred to as the shaped case, 

such that the corresponding radiation pattern is similar to the one produced by a 

non-shaped subreflector illuminated by a feed free of XPOL, referred to as the canon- 

ical case. Our idea is to employ Jacobian transformations in both the canonical and 

shaped cases such that the two integrals are defined with respect to a polar coordi- 

nate system. This polar coordinate system defines a plane on which the subreflector 

surfaces are mapped. Within this context, we can define equivalent currents on this 

plane for a canonical case, and then shape the subreflector of the real case in order 

to produce similar equivalent currents. This leads to the same subreflector radiation 

patterns in both cases. Therefore, the incident fields on the main reflector are un- 

changed, yielding the same overall antenna pattern. Since the antenna pattern of 

the canonical case meets the requirements for XPOL, it is expected that the pattern 

of the shaped case with the real feed presents similar results. 

In addition, instead of enforcing exact equivalent current equality, it is more 

realistic to allow certain discrepancies. However, these differences must be closely 

monitored, and therefore a figure of merit is introduced. This figure of merit should 

indicate how close the equivalent currents from the shaped case are to the currents 

from the canonical case, therefore giving us control on the amount of XPOL reduc- 

tion. Also, we may allow the canonical and shaped subreflectors to have slightly 

different projected apertures, if equality proves to be too restrictive. We note that 

(7.1) can be modified to handle reflectors with projected apertures other than circular 

[48]. Different projected apertures are also expected when the Jacobian transforma- 

tions map the surfaces into planes that are rotated and/or translated with respect 

to each other. Further studies are necessary to determine the full implication of 

this approach. In order to investigate the contributions of the different terms in 

153



the kernel of (7.1), it is recommended to separate the terms which are functions 

of the projected aperture coordinates from the ones dependent on the far-field co- 

ordinates. The proposed approach is to employ the Jacobi-Bessel series expansion 

method [13, 48], used by the author in the development of the Parabolic Reflector 

Analysis Code (PRAC); see Appendix B (Chapter 11). 

7.3 The General Equivalent Reflector System 

In this section we suggest a possible generalization of the equivalent reflector 

theorem discussed in Appendix C (Chapter 12). We first comment on the original 

formulation of the theorem, which is illustrated in Fig. 7.1(a). The equivalence 

between the dual offset configuration and the axisymmetric system is obtained only 

if the dual geometry is illuminated by a balanced feed and is designed according 

to Mizugutch and Rusch conditions [31]. The main reflector is assumed to have a 

circular projected aperture. The aperture fields in both systems of Fig. 7.1(a) are 

equivalent, yielding similar far-field patterns. The dual offset configuration is free of 

XPOL as discussed in Chapters 2 and 3. Similarly, the axisymmetric system is free 

of XPOL when illuminated by a balanced feed, as discussed in Chapter 2. 

A closer examination of this theorem, however, reveals that the equivalence 

cannot hold true if the reflectors are shaped. This is because phase errors can only be 

avoided in the dual system, provided that both the main reflector and subreflector 

are properly shaped. Shaping of the axisymmetric single reflector will introduce 

substantial phase errors and, therefore, the shaped systems cannot be equivalent. 
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(b) 

Figure 7.1. Equivalence between single and dual reflector systems. (a) Equivalence 

between a dual offset configuration and a single axisymmetric system. (b) Equiva- 

lence between a single axisymmetric system and a dual axisymmetric configuration. 
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A possible generalization of the equivalent reflector theorem is to include the 

step illustrated in Fig. 7.1(b). As it is well known [12], an axisymmetric reflector is 

equivalent to a dual axisymmetric system. Thus, we can determine a dual axisym- 

metric system which is equivalent to the original dual offset configuration, provided 

that Mizugutch and Rusch conditions are satisfied. 

This new formulation suggests the possibility of applying to a dual system 

the closed form procedures that are only available for shaping dual axisymmetric 

systems [14, 49, 50]. The numerical procedures available in the literature to shape 

dual offset systems do not always converge, and research is still being conduct in 

this area (51, 52]. The basic idea is to shape the subreflector to obtain the desired 

amplitude distribution across the exit aperture of the main reflector, and then shape 

the main reflector to recover the uniform phase distribution which was disturbed 

by shaping the subreflector. It is often desired to obtain a nearly uniform aperture 

distribution, yielding a high aperture efficiency (e.g., 84.9%) [10]. 

A possible investigation rationale is to first shape the equivalent dual axisym- 

metric system with an existing procedure. This is normally accomplished by solving 

a set of two second-order ordinary differential equations [14]. Once the shaped equiv- 

alent axisymmetric system is obtained, the deviation between the shaped reflectors 

and the original surfaces can be determined. Then, the sum of the main reflector 

and subreflector deviations can be imposed to be the same in both the equivalent 

dual axisymmetric system and the original dual offset system. This assures that 

phase errors are not introduced in the dual offset system. An alternative is to set 

the main reflector deviation and the subreflector deviation to be individually the 

same in both systems. The deviations can be determined with respect to the feed 

axis, the subreflector axis and/or the main reflector axis. A possible contribution of 
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the proposed equivalent concept is the determination of mapping functions relating 

shaped axisymmetric and offset systems. 

For certain applications, such as the maximization of aperture efficiency, it 

is sufficient to shape only the subreflector of a dual axisymmetric reflector system. 

Phase errors can be minimized at one frequency by properly adjusting the distance 

between the feed phase center and the vertex of the parabolic reflector [53, 54]. This 

procedure has been successfully implemented in the past to reduce gain loss due to 

phase errors in Cassegrain systems employing a shaped subreflector for maximum 

aperture efficiency (53, 54]. However, it may not be as effective for systems designed 

to present low XPOL, such as the configurations analyzed in the previous chapters. 

Nevertheless, for applications where gain and aperture efficiency are of main con- 

cern, this suggests the possibility of shaping only the subreflector of a dual offset 

configuration and then relocate the feed to minimize the phase errors. An existing 

single offset configuration, for example, could be upgraded for maximum aperture 

efficiency through the addition of a shaped subreflector. This would represent a sub- 

stantial innovation in the area of reflector antennas. The commercial importance of 

such approach is enormous, justifying the need for further investigation. 
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Chapter 8 

Conclusions 

This chapter summarizes the research reported in this dissertation, empha- 

sizing original contributions. The areas of investigation are highlighted. 

Comprehensive Review of XPOL in Reflector Antenna Sys- 

tems 

A comprehensive description of the cross polarization (XPOL) behavior of 

parabolic reflectors was presented in Chapter 2. Emphasis was given to the offset 

parabolic reflector illuminated by a balanced circularly polarized (CP) feed. However, 

both the offset and axisymmetric configurations with linearly polarized (LP) feeds 

were also considered. The absence of circular XPOL in offset parabolic reflectors 

larger than 12 \ in diameter and illuminated by CP feeds was explained in Section 

2.3.2. 

Beam squint and beam deviation (scanning) phenomena were presented in 

Section 2.4 and the former was examined and explained in detail. Agreement between 
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computations and predictions using the simple model of (2.24) with measured beam 

squint values obtained from the literature for the study case was excellent (see Fig. 

2.13 and Section 2.4). Although many of the phenomena are known, they were 

explained in new ways and presented in a single coherent treatment [33]. 

There are a large number of possible reflector geometries, feed types, loca- 

tions, and polarizations. Representative configurations were examined to provide 

specific values as well as general conclusions. The many possible configurations are 

summarized in Table 2.6 together with XPOL, beam squint, and beam deviation 

effects [33]. Table 2.6 shows that unbalanced feeds (i.e., the primary radiation pat- 

tern is not symmetric) usually generate substantial XPOL independent of the feed 

polarization or reflector configuration. Also, displacing the feed from the focal point 

normally generates XPOL and beam deviation. Most of the results presented in 

Table 2.6 were verified in this work. 

Cross polarization can be significantly reduced by using a small feed pointing 

angle, 1; (3, 4]. However, small angles lead to high spillover and gain loss, as shown 

in Fig. 2.9. Thus, high cross polarization in single offset reflectors illuminated by 

conventional feeds can be expected if high gain is to be maintained [3, 4]. A XPOL 

level of about -22 dB, which is typical of single offset paraboloids [4, 33, 36, 37], is 

often unacceptably high. There are a few procedures available in the literature to 

reduce XPOL in single offset reflectors [5, 6]. However, they require the design and 

manufacturing of special feeds [5], lenses [6] and/or shaped reflectors [6]. This can 

lead to costly design and production, especially for wideband systems. The approach 

investigated in this dissertation was the addition of a subreflector to the single offset 

system, as addressed next. 
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Upgrading Single Reflectors to Low XPOL Dual Reflectors 

The suggested cost-effective method to improve the performance of an ex- 

isting offset prime-focus reflector was to add a subreflector, forming a dual reflector 

system with very low cross polarization, as discussed in Chapter 3. All requirements 

and specifications for the upgrading procedure are summarized in Section 3.2. The 

motivation to use a specified main reflector often arises from a desire to use an ex- 

isting mold which is usually very expensive. A general procedure was presented in 

Section 3.4 for upgrading single offset reflectors to dual reflectors to achieve low cross 

polarization. The problem consists of adding a subreflector to an existing family of 

offset paraboloids in order to achieve a low level of linear cross polarization (e.g., 

-35 dB). The synthesis procedure takes into account the XPOL characteristics of 

conventional, low-cost feeds and, in order to reduce manufacturing costs, produces 

a design with adequate clearance between the bottom of the main reflector and the 

feed axis. In addition, the resultant configuration operates with either a LP or a 

CP feed without the need of being repositioned (no substantial beam squint). These 

constraints are not taken into account by other design procedures. 

Practical examples were presented in Sections 3.6.1 and 3.6.2 to validate the 

design procedures. The single reflectors correspond to real systems commercialized 

by a major reflector antenna manufacturer; see Tables 3.2 and 3.4, and Fig. 3.5 

[36, 37]. The measured data were provided by the manufacturer, and all computed 

data were obtained with the Virginia Tech code PRAC and the commercial code 

GRASP7. The dual configurations designed in Chapter 3 are the results of our 

efforts to upgrade the existing single reflectors to low cross-polarized dual reflector 

antennas; see Tables 3.3 and 3.4, and Figs. 3.6, 3.7 and 3.8 [36, 37]. 
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Influence of Feed XPOL and Feed Rotation for XPOL Re- 

duction 

It was shown in Chapter 4 that the XPOL of dual offset Gregorian antennas 

designed for low XPOL is generally limited by the feed XPOL. Equation (4.5) can 

be used to determine the minimum feed XPOL level necessary to achieve a required 

specification of system XPOL. Nevertheless, a suitable computer code should be used 

to validate the electrical performance values. 

The possibility of reducing feed XPOL by rotating the feed was investigated 

in detail in Section 4.4. The procedure was effective for the feed model considered 

in Section 4.2 and, while it may not be completely realistic, it illustrates that the 

rotation technique can be useful in some applications. 

Enforcement of Practical Manufacturing Constraints 

We introduced in Chapter 5 a procedure to rotate the parent ellipsoidal 

subreflector. This was necessary to achieve clearance between the bottom of the 

main reflector and the feed axis in our study configuration. Manufacturing costs 

can be substantially reduced through the enforcement of this condition, which is 

not addressed in the literature and was brought to our attention by a large scale 

manufacturer of reflector antennas. 

Although effective for achieving suitable clearance in the feed region, rotation 

of the subreflector introduces substantial XPOL in a system designed to present low 

XPOL. A possible solution, proposed in Section 5.4, was to replace the subreflector 

by one of higher eccentricity, producing a design with the desired XPOL performance 

and adequate clearance between the main reflector and feed axis (see Figs. 5.9, 5.10 
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and 5.11). Also, the resulting design has large operational bandwidth since the feed 

was relocated to the focal point of the new ellipsoidal subreflector, avoiding the 

introduction of phase errors. Table 5.6 summarizes all the necessary steps developed 

in Chapters 3 and 5 for upgrading an existing single offset reflector to a low cross- 

polarized, dual offset reflector antenna with adequate clearance between the main 

reflector and feed axis. 

XPOL Reduction by Subreflector Shaping 

Reduction of feed XPOL effects by subreflector shaping was examined in 

Chapter 6 for the feed model of Section 6.2. This model approximates well the be- 

havior of corrugated conical horns, a class of feed antennas widely used to illuminate 

reflector configurations. The shaping algorithm, based on the gradient method, was 

explained in Section 6.3.1 and proved to be effective to reduce feed XPOL effects. 

However, phase errors are introduced by the shaped subreflector, causing gain loss 

and pattern deterioration (see Fig. 6.3). Nevertheless, the resulting configuration 

was able to meet all EUTELSAT specifications on XPOL and sidelobe levels [11]. 

Although applied to a specific case example, the shaping algorithm was presented in 

a generic way and is certainly able to handle other configurations. 

The phase errors introduced by the shaping process can be compensated with 

the shaping of the main reflector [46]. This was not performed in this work due to 

the constraint of using an existing main reflector mold; see Chapter 3. Nevertheless, 

all non-conventional, dual reflector configurations presented in this dissertation can 

be used as starting points of a dual-reflector shaping process, if further improvements 

are desired. 
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Development of Computer Codes 

All innovative design algorithms developed in this dissertation were imple- 

mented as numerical codes forming the DORA package (Dual Offset Reflector An- 

tenna Synthesis Package). DORA is a complete suite of codes for the synthesis of 

non-conventional, low-cost dual offset Gregorian reflector antennas with very low 

cross polarization. Several practical case examples were discussed, including a per- 

formance assessment of the largest steerable radio telescope in the world, the Green 

Bank Radio Telescope located in Green Bank, West Virginia. 

The electrical performance of the Green Bank Telescope (GBT) reflector 

antenna was evaluated in Section 5.5 with the commercial code GRASP7 and the 

Virginia Tech code PRAC (see Table 5.4 and Fig. 5.12). In addition, the Virginia 

Tech code DORA was employed to upgrade the GBT single offset configuration to a 

low cross-polarized dual offset Gregorian reflector configuration (see Table 5.5). The 

geometrical parameters determined with DORA are in very good agreement with 

the ones published in [7]. New dual configurations for the GBT offset reflector can 

be obtained with DORA for different design parameters, such as a new subreflector 

size. All designs are optimized for low cross polarization. The computer simulations 

confirmed a low XPOL level when the dual configuration is illuminated by a purely 

polarized feed antenna, as shown in Table 5.5 and Fig. 5.13. A feed antenna with 

high XPOL will likely degrade the total system XPOL performance. 

A compendium of various methods for the analysis of reflector antennas was 

presented in a historical fashion in Appendix A (Chapter 10). In particular, the 

physical optics approximation [12] and the Jacobi-Bessel series expansion method 

[13, 14] were discussed in detail. These formulations were numerically implemented 
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by the author in the Parabolic Reflector Analysis Code, PRAC, which is completely 

described in Appendix B (Chapter 11). 

PRAC is a user friendly code developed to analyze parabolic reflector anten- 

nas, both axisymmetric and offset. PRAC evaluates the radiation integral (physical 

optics surface current integration) with the Jacobi-Bessel method and yields the 

co- and cross-polarized radiated fields with high accuracy and efficiency. The ef- 

fectiveness of PRAC was confirmed by extensive comparisons with measured data 

and results available in the literature and/or obtained with the commercial code 

GRASP7; see Figs. 3.5 and 5.12, and Tables 3.2, 5.4, 11.2, and 11.5 [36, 37]. 

PRAC permits the analysis of parabolic reflector antennas with any circular 

projected diameter, any focal length, and any offset distance. The user can specify 

the reflector geometry in centimeters, meters, inches or feet. The linearly polarized 

feed can be pointed in any direction. Small feed displacements from the focal point 

are also allowed. PRAC offers a complete integrated environment with menus of 

options, data input fields, and an on-line help system available at each step of the 

program. In addition, a comprehensive user’s manual is included in Appendix B 

(Chapter 11). 

Concise Summary of Applications 

The results and algorithms developed and presented in this dissertation have 

a wide range of applications. First, they can be used for the design and production 

of non-conventional, low-cost commercial reflector antennas. Nevertheless, the same 

procedures can be employed for the design of large and/or specialized reflector sys- 

tems, such as the Green Bank Radio Telescope. In any case, low cross polarization 

was always the principal design parameter, although an effort was made to keep 

track of other electrical parameters, such as aperture efficiency and sidelobe level. 
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In addition, educational use was also a main concern while developing the 

present work. Table 2.6, for example, presents a complete overview of the various 

depolarization properties of single parabolic reflector antennas. We have also in- 

cluded in Chapter 2 new, simpler ways to interpret and explain the phenomena of 

cross polarization and beam squint. These results combined with the developed user 

friendly code, PRAC, represent substantial resources to aid professors to teach reflec- 

tor antennas at both basic and advanced levels. This is also considered as a relevant 

contribution of this dissertation since reflector antennas represent a substantial part 

of the present antenna market, with many jobs being offered specifically to reflector 

antenna engineers. 
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Chapter 10 

Appendix A: Analysis of Reflector 

Antennas 

10.1 Preliminary Considerations 

This Appendix presents a compendium of various methods for the analysis 

of reflector antennas. In particular, the physical optics approximation {12] and the 

Jacobi-Bessel series expansion method [13, 14] are discussed in detail. These for- 

mulations were implemented numerically by the author in the Parabolic Reflector 

Analysis Code, PRAC, which is described in the Appendix B (Chapter 11). 

10.2. The Evolution of Reflector Antenna Analy- 

sis Methods 

There has been a steady and large stream of publications on reflector analy- 

sis and design techniques for several decades with no sign of decrease. This is because 

reflector antennas offer extremely high gain and narrow beamwidth from a simple 
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electrical feed system. The large electrical aperture has caused the development of 

sophisticated integration techniques, revolutionizing the way radiation patterns are 

calculated. We present in this introduction a brief summary of the well known tech- 

niques, including a comprehensive overview of the Jacobi-Bessel expansion method 

which is the main purpose of the present study. 

One of the earliest techniques for the numerical evaluation of the radiation 

integral is the Ludwig method [55]. It is very simple to understand and easy to 

implement as a computer code, although it 1s not as nearly efficient or mathemat- 

ically sophisticated as some of the other methods [14]. However, the generality of 

the method makes it a very versatile tool for analyzing a wide variety of reflector 

antennas. Also, the Ludwig method has historical value as the predecessor of other 

integration techniques, like the quadratic phase method of Pogorzelski [56]. The 

latter is really a generalization of the former, in the sense that the rapidly varying 

phase terms are approximated by quadratic functions, instead of the linear functions 

used in the Ludwig algorithm. 

One of the first approaches to an analytical evaluation of the radiation in- 

tegral was presented by Rusch [57]. In this approach, the feed pattern and the 

reflector surface are expressed analytically, and the resulting radiation integral is 

also evaluated analytically. However, it is limited to axisymmetric reflectors. 

The so called sampling methods represent a variety of approaches which 

seek to calculate the radiation pattern by interpolating the radiated field at certain 

sparsely located points in space 58, 59]. However, these methods do not employ 

ordinary interpolation techniques, but make use of the Whittaker-Shannon sampling 

theorem [14]. 

Finally, we get to the series expansion based methods: The Jacobi-Bessel 

method [60, 61, 13] and the Fourier-Bessel method [62, 63]. In both cases, the aper- 
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ture and far-field variables are separated in the radiation integral. First, the slowly 

varying aperture current distribution is expressed as a sum over a set of orthogo- 

nal functions defined on the antenna aperture. Then, each of the basis functions is 

integrated against the Fourier kernel over the aperture. These integrals are closed- 

form functions of the far-field coordinates, and therefore the radiation integral can 

be expressed directly in terms of the far-field angles and the aperture expansion 

coefficients. 

Numerical integration is required only for evaluating the expansion coeff- 

cients, which are functions exclusively of the feed and reflector geometry character- 

istics. Also, standard integration routines may now be used, since the integrand is 

no longer highly oscillatory [13]. A valuable comparison study between popular nu- 

merical integration methods can be found in [64]. Thus, once the aperture expansion 

coefficients are known, the far-field pattern can be computed at any observation an- 

gle without the need for time consuming numerical integrations. This scheme forms 

the basis of most modern reflector antenna analysis techniques, and is in contrast to 

the direct evaluation of the radiation integral which has to be computed repeatedly 

for each observation point. 

It is worth noting that there are two main considerations affecting the choice 

of the aperture basis functions. The choice of a basis set that best represents the 

aperture current distribution with the least number of functions, and the choice of a 

basis set that is easily integrable against the Fourier kernel. In this work, the chosen 

expansion functions are the modified Jacobi polynomials. 

The Jacobi-Bessel method is based in part on the work performed much 

earlier by Zernike [65] in connection with the theory of aberrations in optical systems. 

Thus, the method actually integrates classical optics with modern antenna theory. In 
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the present work, the Jacobi-Bessel method is presented through a rigorous analytical 

description and applied to axisymmetric and offset parabolic configurations. 

The Jacobi-Bessel method is perhaps the mathematically most complex 

method for the analysis of reflector antennas. The other series expansion based 

method, the Fourier-Bessel method is much simpler mathematically and has the ad- 

ditional advantage of being able to employ existing Fast Fourier Transform (FFT) 

algorithms. However, the Jacobi-Bessel method has been proved to be more eff- 

cient in dealing with shaped reflectors [13]. Although the developed code, PRAC 

(Parabolic Reflector Analysis Code), deals only with parabolic reflectors, it can be 

easily upgraded due to its open architecture. 

10.3. The Physical Optics Formulation 

As already commented in Section 10.1, the Jacobi-Bessel method reduces 

the time associated with the numerical evaluation of the radiation integral through 

the expansion of the aperture current distribution into a sum of modified Jacobi 

polynomials. In fact, we first express the radiation integral in terms of a summation 

of Fourier transforms and then use the Jacobi-Bessel series to evaluate them. In this 

process, it is necessary to first compute the aperture current distribution which is 

defined by the primary feed pattern and the type of reflector surface. 

A standard way to obtain the current distribution on the reflector surface 

is by employing the physical optics approximation [12]. The currents can then be 

integrated to yield the radiation patterns. However, the use of a Jacobian trans- 

formation eases the integration process considerably [13]. In that case, the surface 
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currents can be integrated over the reflector projected aperture instead of the curved 

reflector surface. We note that the current is evaluated on the reflector surface, 

but the integral is performed over the aperture through the Jacobian transforma- 

tion (physical optics/aperture integration). This is different than the aperture field 

method where the aperture distribution is obtained from the boundary conditions 

imposed on the electromagnetic fields over the aperture (geometrical optics/aperture 

integration) [14]. 

As already commented, we use the physical optics (P.O.) approximation to 

obtain the current distribution on the reflector surface. This approximation yields 

the current as the one that would be induced on an infinite tangent conducting plane, 

at the point where the scattering by the illumination of an infinite plane wave takes 

place [12]. Also, the fields over the shadowed region of the surface are assumed to 

be zero. 

The P.O. approach is reportedly more accurate than other methods (e.g., 

geometrical optics), especially for the determination of the cross-polarized fields [19]. 

Since these are of main importance for the present study, physical optics was em- 

ployed by GRASP7 and PRAC in all computer simulations presented in this disser- 

tation. Furthermore, only the main lobe and near-in sidelobes are considered, since 

the method fails to determine the far-out sidelobes and backlobe region accurately. 

However, this is acceptable for our study since the far-out pattern region is not of 

primary interest when analyzing high-gain antennas, such as the reflector antennas 

considered here. For more accurate evaluation at large off-axis angles, the P.O. cur- 

rents can be augmented with the appropriate singular edge currents [20, 21, 22, 60]. 

It is remarkable that despite the simplicity of this approximation, it yields results for 

the scattered field which are in close agreement with measured results [14], at least 
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for the main beam region and the near-in side lobes. The physical optics current J 

is given by [12] 

J = 2h x H, (#7) (10.1) 

where H; is the incident magnetic field on the reflector (from the feed, subreflector 

or other source), and 7 is the unit vector normal to the reflector surface. The 

primed coordinate system is the reflector local coordinate system. The reflector 

surface is described in rectangular or spherical coordinates, and its projection in 

polar coordinates; see Fig. 10.1 and Table 2.1 for definition of symbols. Figure 10.1 

is similar to Fig. 2.1, Section 2.2.1, and is reprinted here for convenience. 

We start by explaining a methodology to obtain the term H y in the right- 

hand side of (10.1). We assume that Hy, must be computed only at a discrete number 

of points over the projected aperture plane; these points are herein referred to as 

sampling points. This assumption is correct since a numerical integration is to be 

performed over the aperture plane. Furthermore, the sampling points are determined 

based on the chosen integration algorithm; see Section 11.2.1 for further details. For 

a given point (p/, ¢/), the rectangular coordinates (z/,y/, z/) can be computed from 

the relations 

x! = pcos ¢! (10.2) 

y! = plsin df (10.3) 

zl = f(pl, d/) (10.4) 
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Figure 10.1. Geometry for the offset parabolic reflector. See Table 2.1, Section 2.2, 

for definitions of parameters. 
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For a paraboloid, f(p/, ¢/) is given by [13] (see Table 3.1 for definition of symbols) 

2 H H? / 
f(pt, dr) = 2 = oF + Sapp! cos bf + = (10.5) 

The resulting point (z/,y/, z/) can now be expressed in the feed coordinate system 

with the following transformations (3 rotations and 1 translation) [13, 66]: 

lf Ay, Ao Ais x’ — 81 

yy | = | Aor Age Ags yl — 82 (10.6) 

Zf Az, A32 Asz3 Zl — S83 

where (51, $2, $3) are the feed rectangular coordinates in the primed coordinate system 

and 

Aj) = cosy cos a — sinycos § sina 

Aj2 = cosy sina + sin cos 8 cos a 

Ai3 = siny sin § 

Aj, = — sin‘ cos a@ — cosy cos § sina 

A22 = —sinysina + cos 7 cos J cos a (10.7) 

Ao3 = cos y sin 2 

A31 = sin 8 sina 

A32 = — sin 8 cosa 

A33 = cos 8 
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aL {INTERSECTION OF xy 

AND x'y’ PLANES) 

Figure 10.2. Eulerian angles. 

The angles a, 8,and y are the Eulerian angles defined in Fig. 10.2 [67, 47]. For our 

study configuration they are given by 

Aa 
wl
ay
r 

— vy (10.8) 

where wy is the feed tilt angle; see Fig. 10.1. 

We now have each aperture sampling point of the form (p/, ¢/) correspond- 

ing to a point (z/,y/,z/) on the surface of the reflector and expressed in the feed 

rectangular coordinate system as (z+, ys, 2). However, the feed pattern is normally 
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expressed in the feed spherical coordinates (r;,0;,¢;); therefore the following carte- 

sian to spherical transformations are required 

z+ y? 

f f 6, = tan@ (eee (10.9) 
Zf 

Once the spherical coordinates are known, the incident field at the reflector surface 

can be easily computed. Using a cos’(6;) model for the feed [13], the feed magnetic 

field is given by 

> -\_1 sé H;(r+) = no —V(0;,b5)05 + U(8;, ds) bs Arr 

—gkr 5 

  (10.10) 

. . . oe —akr¢ , . 
where 7o is the medium intrinsic impedance, {—— is the propagation factor, and 

’ Anry ? 

k = * is the wave number. For a x;-polarization, U(6s,¢,) and V( 6;,@y) are given 

by 

U(6s, 7) = cos $+ cos?(O,) (10.11) 

V(O;, o;) = —sin df cos?(6 +) (10.12) 
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which corresponds to the feed model (2.9) given in Section 2.2.2. 

Equation (10.10) yields the spherical components of A, (#;) in the feed local 

coordinate system. It is necessary to transform that to the antenna primed rectan- 

gular system to determine the radiated fields. Thus, another set of rotations and a 

spherical to cartesian transformation are needed [13]: 

H, (7) Ay, An Asi 

Hy(rt) | = | Aiz Azz Ase 

H, (71) Ay3 A23 Azz 

sinO;cosds cosOscosdy —sin dy 0 

sinO;sings cosOs;sinds cos dy —V(6;,¢,) | (10.13) 

cos 6; — sin 6; 0 U(O;, d+) 

This completes the determination of H,,,,(7/). The remaining term in (10.1), the 

unit vector n, is computed from 

  

. N 
n= (10.14) 

|| 

For a paraboloid reflector, N is given by 

= (picos¢/). pisingl,  . 
= — ry! / / . N oF ap ul +2 (10.15) 
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Equation (10.1) can now be computed yielding the P.O. surface current 

components J,, J,,and J,, for each one of the aperture sampling points (p/, $/). The 

surface current components can then be integrated directly on the surface requiring a 

complicated and time consuming effort. In order to simplify the integration process, 

a Jacobian transformation [13] is employed. The mapping allows the integration 

process to be performed over the aperture plane instead of the curved surface and is 

accomplished with [13] 

= _s 

J=TJJs = JiN| (10.16) 

where Jy is the Jacobian transformation; Jy = |N| [13]. From (10.1), (10.14), and 

(10.16), we obtain 

J =2N x H,(7) (10.17) 

where A, (r?) = H,(#) & + H,(7) 9 + H.(F) Z, and N is given by (10.15). 

Finally, we are able to compute the kernel of the radiation integral given 

  

below [14] 

5 No e kr =, D/2 20 > — 

E(?) = -7-> (J — rr) | [ J (71) e****" or dpt ddl (10.18) 
2\ 0 0 

where 77 e 4 is shorthand for r(7r ea), and (I - rr) is included to remove the radial 

component (far-field approximation). The vector 7 is given by 

fr = sin @cos dz + sin @ sin dy + cos 62 (10.19) 
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and r/ = zig + y/y + 2/Z is determined from (10.2), (10.3), and (10.4). the quantity I 

is referred to as the unit dyad, and is equal to the identity matrix for our purposes. 

An evaluation of the total feed power is necessary to determine gain accu- 

rately; see Section 11.2.2. Now, our concern is to correctly evaluate (10.18). In order 

to accomplish that, we use the Jacobi-Bessel series expansion method. However, any 

other technique can be used since we have only performed general derivations up 

to this point. The advantage of using the Jacobi-Bessel method is that numerical 

integration is needed only for evaluating the aperture expansion coefficients, as al- 

ready commented in Section 10.1. All integrals that are functions of the far-field 

coordinates are evaluated in closed form, as shown in the next section. 

10.4 The Jacobi-Bessel Method 

The procedure presented here is similar to the one explained in [13]. How- 

ever, alterations have been performed to allow the use of special recurrence relations 

presented by the modified Jacobi polynomials [14]. For the specific case of offset 

and axisymmetric paraboloids, it will be shown that the higher order coefficients of 

the series expansion can be computed from the zero order coefficients by using an 

algebraic recursion relation. 

We start by rewriting (10.18) in a form more suitable for the series expansion 

technique. As in (10.18), the integration is performed with respect to an origin 

located at the center of the circular projected aperture of the reflector. Using 
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rP=urt+vyt+ wz (10.20) 

with 7/ determined from (10.2), (10.3), and (10.4), it is possible to express (10.18) 

as [14] 

  

  

2 -—-gkR 2 4p? 

(7) = -aS € = arta J(# 7 )- (ok(D8/16Fw 

[ [a s, dle 9k( D? /16F)(s?-1) e2h(D/2)s( 3 Ff cos $1) 

eak(D? /16F)(s?—1)(w-1) ,2k(D/2)s s{ [u- #(w- 1] cosdtusind’} 5 4, dg! (10.21) 

where the change of variables r/ = (D/2)s, with 0 < s < 1, was employed. The 

integral in (10.21) can now be rewritten as 

20 

f= [ / f(s, pt) eID? /16F)(s?—1)(w-1) e9k(D/2)s(u cos 6/44 sin 1) ds dd! (10.22) 

o Jo 

where u = u — FE (w —1), v =v, and the aperture distribution fs, ¢/) is given by 

Fls, dl) = Jesh D? /16F)(s? —1) ,ak(D/2)s ( 3 cos or) (10.23) 

It is worth noting that the right hand side of (10.22) is a highly factored form 

of the original radiation integral (10.18), and (10.23) depends solely on the source 
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coordinates (s,¢/). The second exponential of (10.22) is a Fourier kernel involving 

the far-field coordinates (i,0); where @ = u — 44(w — 1) and t = v. We will now 

expand the first exponential of (10.22) into a Taylor series in the complex variable 

2 

16F 
  z = jk——(s*? —1)(w —-1) (10.24) 

yielding 

  

Pol D2 \? 1 p2n 

T= )5 15 \ € ba) (w — yf | (s? — FT (s, pl)eI(P/2)ssin 8 cos($'—$) 5 ds dds 

(10.25) 

We now expand each component of f in terms of the modified Jacobi poly- 

nomials /"(s), which form a complete set of orthogonal functions defined on the 

unit disk [14]. A Fourier series is used in the circumferential direction. Thus, 

M N 

f(s, 6) = S~ S— [Ch cos(ngr) + D® sin(nd/)] FX (s) (10.26) 
m=0 n=0 

where the subscript c represents the z, y, and z components and 

cn . fi 2n cos(n¢@/) 
= — sds ddl f.(s, bl Fr (s 10.27 io | ef sds [arse ee | (s) (10.27) 

The Neumann number e¢, is defined as [14] 

1; ifn =0 
én = (10.28) 

2; ifn40 
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and the modified Jacobi polynomials are given by 

F®(s) = \/2(n + 2m + 1) P91 — 25?)s” (10.29) 

where the Jacobi polynomials P” (x) are computed from 

ig m! (n+m-+z2)! . 
(n,0) — __ _1\t PIMO(p) = | » itm—i! 2+! (x ~—1) (10.30)   

Using the orthogonal expansion (10.26), the integral in (10.25) becomes 

P l D? ? M N 

— Tr ym n TP yn 

f, — S° p! (nz) (w ~ 1)? S> S-> [Cn TPR + Dy TP sin | (10.31) 

m=0 n=0 

where [14, 61] 

  

  

p=0,n _ n cos(ng) Jnt2m-+1 [k(.D/2) sin 6] 

Din.sin or cos — 20j sin(nd) 2(n + 2m + 1) [k(D/2) sin 6] (10.32) 

and 

pn gn J 60s(ng) »_,In+p+1[k(D/2) sin 6] 
Ti2=0,sinor cos — 209 sin(né) 2(n + 1)(—2) p! (k(.D /2) sin O]p+i (10.33) 

It is worth noting the following properties of the Bessel functions of first kind and 

integer order: 

  

a; ifk=!1 JO) _J eR (10.34) 

0 0: ifk>T 
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which reduces to 

  JO) JY UHRA Ly (10.35) 
0 0; ifk>1 

The coefficients for p # 0 and m # 0 can be computed from (10.32), (10.33), and 

the following recursion relation valid only for paraboloids [14] 

pn = Omnl? + bmnl? + Cmnl?)” (10.36) m,sin or cos m-—1,sin or cos m,sin or cos m-+1,sin or cos 

where 

dan m(m +n) 
ann = — 

dm-1 | (n+ 2m)(n + 2m +4 1) 
  

n? —(n+2m)(n + 2m + 2) 

2(n + 2m)(n + 2m + 2) 
  (10.37) bmn = 

dm (m+1)(n+m+1) 

dn4i [(n + 2m + 1)(n + 2m + 2) 
  

Cnn = — 

din = /2(n + 2m + 1) 

Finally, the expression for the electric field (10.21) is given in component form by 
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2 o~gkR H2 472 
E.() = noD* e okie J*( iF ) 5 eah(D? /16F)w o(T) = 

TQ) 4nR 

“1, D?\? MN 
— — _ 1)? nm [pn Tm TP d ml (KF 7) (w — 1) 22d [Ch eieos + Dre in| (10.38) 

This completes the analysis of the Jacobi-Bessel method. We can now sum- 

marize how (10.38) is evaluated. Numerical integration is necessary only for comput- 

ing the coefficients C and D, which are functions exclusively of the aperture primed 

coordinates. Once that is performed for all the necessary aperture sampling points 

determined accordingly to the chosen integration algorithm, each point of the far- 

field pattern can be determined. Note that the J coefficients are functions exclusively 

of the far-field coordinates (6,¢) and are determined directly from (10.32), (10.33), 

and (10.36). Thus, once the coefficients C and D have been determined, the far-field 

patterns can be computed at any observation angle without performing numerical 

integrations. This is in contrast to the direct evaluation of the original radiation 

integral (10.18), which has to be computed repeatedly for each observation point. 
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Chapter 11 

Appendix B: The Parabolic 

Reflector Analysis Code (PRAC) 

11.1 Preliminary Considerations 

The Jacobi-Bessel series expansion method was described in detail in the 

last chapter. Alterations to the basic method were performed in order to use the 

special algebraic recursion relations (10.36) and (10.37) available for parabolic reflec- 

tor surfaces. Here, the technique is combined with the Gaussian-Zernike integration 

scheme [64, 68] to assure a high efficient and accurate numerical implementation. 

The user friendly code PRAC, Parabolic Reflector Analysis Code, was de- 

veloped and allows the user to evaluate the co- and cross-polarized radiation pat- 

terns of axisymmetric and offset parabolic reflectors. The effectiveness of PRAC 

was confirmed by extensive comparisons with measured data and results obtained 

from canonical models and with the code GRASP7. PRAC permits the analysis of 

parabolic reflector antennas with any circular projected diameter, any focal length, 
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and any offset distance. The user can specify the reflector geometry in centimeters, 

meters, inches or feet. The linearly polarized feed can be pointed in any direction. 

Small feed displacements from the focal point are also allowed. PRAC offers a com- 

plete integrated environment with menus of options, data input fields, and an on-line 

help system available at each step of the program. In addition, a comprehensive user’s 

manual is included. 

11.2 Numerical Implementation 

11.2.1 The Numerical Integration 

The double integral in (10.27) has to be numerically evaluated by using 

a suitable integration routine. In order to compare the efficiency and accuracy of 

different routines, one needs a figure of merit. The results and conclusions presented 

in this section are based on the work performed in [64]. 

Pattern accuracy breakdown is caused by phase errors introduced by the 

discrete sampling of the aperture distribution used in the numerical integration. A 

figure of merit, the p-factor, was introduced in [64] for measuring the accuracy of 

several numerical integration schemes used in the evaluation of radiation integrals. 

The p-factor is proportional to the distance in degrees between boresight and the 

point of breakdown. Thus, the larger is p, the larger is the region where the pattern 

is accurately computed; for further details see [64]. 
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Figure 11.1 [64] shows the p-factor behavior of three integration schemes 

often employed in the evaluation of radiation integrals. We see, from Fig. 11.1, 

that the Gauss-Zernike method (solid line) yields the best performance according 

to this particular study. Also, the optimum value for the ratio N,/Ng is 1/4. This 

corresponds to 32 points in the diameter (16 points in the radius) and 32 points in 

the half-perimeter (64 points for the full circle). This choice guarantees that the 

integral (10.27) is evaluated as accurately as possible. 

The Gauss-Zernike numerical integration scheme is fully described in the 

literature [68]. In this approach, the same orthogonal functions used for the aper- 

ture distribution expansion (i.e., the Zernike/Jacobi polynomials) are also used for 

the numerical integration of the aperture expansion coefficients. The Gauss-Zernike 

method avoids the cluster of sampling points near the end of the integration interval, 

normally generated by conventional Gaussian integration schemes. In general, the 

Gauss-Zernike method performs a Gaussian integration across the entire diameter 

of the reflector, rather than from the center of the dish out to the radius. Also, the 

Gauss-Zernike method requires a considerable lower number of integration points 

and is, therefore, more efficient than other methods. The technique consists in ap- 

proximating the double integral by a weighted double summation [68] 

[fo s, o/)sdsddgl = Ys at (s;, dy/) (11.1) 

t=1 ([=1 

where g(s;, ¢;/) is the sampled kernel of (10.27). The parameters s; = p;//(D/2) and 

w; are referred to as the nodal points (i.e., zeros of the Zernike polynomials) and 

weights, respectively. For L,; = Lz = 32 (32nd order), the nodal points and weights 

are given in Table 11.1 [64]. 
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OeTrmum 
— xT PornT 

        
4 8 16 32 Np 

256 128 64 32 Ng 

Figure 11.1. p-factor for various integration methods as functions of N, and N¢ 

for fixed total number of integration points. Z,*T, L,*T, and L,*L, represent the 

Gauss-Zernike, the Gauss-Legendre, and the Composite Gauss-Legendre methods, 

respectively. From [64]. 
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Table 11.1. Nodes and Weights for Gauss-Zernike Numerical Integration 

(L, = [2 = 32). From [64]. 

  

Nodes, +s; Weights, w; 
  

  

0.0727978880474910 0.0067881148529385 
  

0.1664706834952739 0.0155633809846620 
  

0.2591995347335465 0.0237896279206241 
  

0.3497110175880066 0.0311572428138741 
  

0.4371062545877790 0.0373989972042406 
  

0.5205685460675333 0.0422891298483644 
  

0.5993314815550548 0.045650853 7646179 
  

0.6726765521809983 0.0473626526552414 
  

0.7399366601964945 0.0473626521476812 
  

0.8005009384184874 0.045650885 7917567 
  

0.8538199186584379 0.0422891196494396 
  

0.8994097969942914 0.0373990250412830 
  

0.9368577436672745 0.0311571808395279 
  

0.9658236528996722 0.0237897186785034 
  

0.9860465143006358 0.0155632597351050 
    0.9973466740001312   0.0067882162608963   
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The angular sampling directions, ¢; are given by 

$= 1x gine (11.2) 

where 

oT 

inc = Za ]. bine = 2 (11.3) 

Therefore, we can efficiently compute the double integral in (10.27) by using 

(11.1), (11.2), and (11.3) with the values presented in Table 11.1. 

11.2.2 Gain Considerations 

The directive gain, D, of the radiated pattern can be calculated from [12] 

= IE@)P 
2 f f |Z) sin 6 do dg 
  (11.4) 

where the electric field E(?) is evaluated at the far-field (no radial component). The 

evaluation can be carried out in terms of co- and cross-polarized components. In the 

present work an unitary radiation efficiency is assumed [12]; thus, directivity and 

gain are the same and equal to the maximum value of (11.4). By conservation of 

energy, the denominator in (11.4) is equal to 

  x {Total Power Radiated by the Feed} (11.5) 
Arr? 
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For the cos?(0;) feed model of (10.11) and (10.12) [14] 

20 
  

  

{Total Power Radiated by the Feed} = dg 41 (11.6) 

Finally, using (11.5), (11.6), and (10.38) in (11.4), we obtain 

2 
rng D*(2q +1) |p 1 (_, D?\? PO [on pon n ppm 

D= 92 d, p! kre (w ~~ 1) 2d [CT Eros + Dr TP in| 

(11.7) 

where | | denotes the absolute value. 

11.3. Numerical Results and Comments 

The Parabolic Reflector Analysis Code, PRAC, was implemented based on 

the material presented in Sections 10.3, 10.4, and 11.2. PRAC offers a complete 

integrated environment with menus of options, data input fields, and an on-line help 

system available at each step of the program. It was written in Turbo Pascal 7.0, and 

requires a hardware compatible with a I]BM-PC DOS based computer. A VGA color 

monitor is recommended. PRAC permits the analysis of parabolic reflector antennas 

with any circular projected diameter, any focal length, and any offset distance. The 

user can specify the geometry in centimeters, meters, inches, or feet. The linearly 
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polarized feed can be pointed in any direction. Small feed displacements from the 

focal point are also allowed. 

The infinite sums in (10.38) and (11.7) were truncated in PRAC with values 

of P=4 and M=N=7. These values assure a correct convergence of the series for 

both small and large reflectors {13]. In fact, for parabolic reflectors, it is shown in 

[13] that P=2 is sufficient for accurate results. However, it was decided to perform 

the computations up to the 4th order (i.e., P=4) giving the user more reliability. 

The total processing time is about 1 minute per radiation pattern on a 486 DX2 - 

50 MHz system. 

As an illustration, we analyze the axisymmetric parabolic reflector specified 

in Table 11.2. Also in the same table, the results obtained with PRAC are compared 

with the results obtained from other sources for the same reflector configuration. 

Note the excellent agreement, indicating the good accuracy of PRAC. Fig. 11.2 

shows the radiation pattern computed by PRAC in the yz-plane (¢ = 90°). Cross 

polarization is very low for this configuration due to the fact that the axisymmetric 

reflector is illuminated by a purely polarized balanced feed; i.e., the primary radiation 

pattern is symmetric in ¢;. An offset paraboloid case example is discussed in section 

11.4.3. Other case examples are presented throughout this dissertation. 
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Table 11.2. Test Results for an Axisymmetric Reflector 

@ = 90° (yz-plane) 

Diameter D = D, = 48 

(F/D,) ratio = 1.003 

cos! 8; feed; q=17.0963 (18.5 dB edge taper) 

  

  
  

  

  

  

  

  

  

  

    

PRAC_ | GRASP7 [15] | RAP [66] | Samii [13] 

Gain 42.15 dBi | 42.12 dBi NA* NA* 

Eap 72.15% 71.65% NA* NA* 

HPBW 1.50° 1.52° 1.50° 1.50° 

lst Null Position 2.20° 2.22° 2.20° 2.20° 

Ist SLL Position 2.48° 2.48° 2.40° 2.40° 

Ist SLL Value || -37.81 dB | -39.54 dB | -37.92 dB | -38.00 dB 

2nd Null Position 2.86° 2.82° 2.90° 2.80° 

2nd SLL Position 3.40° 3.38° 3.30° 3.40° 

2nd SLL Value_ | -36.19 dB -35.92 dB -36.20 dB | -36.00 dB           
  

*Not Available 
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Figure 11.2. Computed co-polarized far-field pattern of the 48 A axisymmetric 

paraboloid configuration specified in Table 11.2. The pattern was computed by 

PRAC in the ¢ = 90° plane. Cross polarization is very low due to the fact that the 

axisymmetric reflector is illuminated by a purely polarized balanced feed; i.e., the 

primary radiation pattern is symmetric in @y. 
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11.4 PRAC User’s Manual 

11.4.1 Program Overview 

The Parabolic Reflector Analysis Code, PRAC, is a user friendly code de- 

veloped by Marco Terada and Warren Stutzman to analyze axisymmetric and offset 

parabolic reflector antennas. PRAC evaluates the radiation integral (physical optics 

surface current integration) with the Jacobi-Bessel series expansion method [13, 14] 

and yields the co- and cross-polarized radiated fields with high accuracy and eff- 

ciency. The effectiveness of PRAC has been confirmed by extensive comparisons 

with measured data and results obtained from canonical models and with the com- 

mercial code GRASP7. 

PRAC permits the analysis of parabolic reflector antennas with any circular 

projected diameter, any focal length, and any offset distance. The user can specify 

the geometry in centimeters, meters, inches, or feet. The linearly polarized feed can 

be pointed in any direction. Small feed displacements from the focal point are also 

allowed. 

PRAC offers the user a complete integrated environment with menus of op- 

tions, data input fields, and a complete on-line help system available at each step 

of the program. It has been written in Turbo Pascal 7.0, and requires a hardware 

compatible with a IBM-PC DOS based computer. A VGA color monitor is recom- 

mended. Its executable file (version 2.3) has 138 kbytes, after the compilation of 

more than 5,000 lines of code. 

This manual describes all options and commands in order to familiarize the 

user with the PRAC integrated environment. It also presents a detailed example 

and some common user errors. 
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11.4.2 Main Menu: The Commands of PRAC 

To start the program type the following from the DOS environment: 

PRAC <ENTER> 

Once the program is loaded, the user has access to the main menu of PRAC. 

In order to select any one of the options, the user may either type the first letter of the 

desired option, or highlight the option (using the arrow keys) and press <ENTER>. 

Once an option is chosen, a set of sub-options may appear in the form of a vertical 

menu. The user can press the <ESC> key to go back to a previous menu. 

We now present a brief description of the main options and sub-options of 

PRAC. The key commands are summarized in Table 1. 

FILE 

This option allows the user to perform manipulations with the data files. 

The sub-options are: 

LOAD 

This option loads a previously stored data file from the current drive (i.e., 

the one from where PRAC was loaded). All input data files used by PRAC have the 

extension “.INP”. The user, however, does not need to type it, since the extension is 

a default parameter of the system. The file name should have a maximum number 

of 8 alpha-numerical characters. The user must type the file name followed by 

<ENTER>. 

203



SAVE 

This option stores the reflector system specifications currently available in 

the memory in the current drive (i.e., the one from where PRAC was loaded). The 

file name should have a maximum number of 8 alpha-numerical characters, which 

are arbitrary. After typing the file name, the user should press <ENTER>. The 

“SAVE” option has effect only if a reflector system has already been completely 

specified. 

EDIT 

This option allows the user to input or modify the data that represent the 

reflector system to be analyzed by PRAC. It presents the sub-options listed bellow: 

MODIFY 

MODIFY edits the reflector system specifications resident in the computer 

memory. The user may alter the reflector geometry (sub-option “REFLECTOR”), 

the feed characteristics (sub-option “FEED”), or the far-field pattern plot specifica- 

tions (sub-option “PATTERN”). These options are available only after a reflector 

system has been completely specified through the commands “LOAD” or “NEW” 

(see section 11.4.2, page 205). 

While entering numerical values (edit mode), only the numeric keys, the 

minus sign (-), and the control keys are active. Pressing of any other key has no 

effect. It is important to note that the decimal point (.) is already present in the 

data input field. Thus, it is essential to locate the number correctly in relation to 

the fixed decimal point. Note that the size of the data input field, and the fixed 

decimal point, limit the input data to the numerical range allowed by PRAC. An 
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empty numerical data input field is not considered zero; the user should verify that 

all fields are filled before pressing Ctrl-End. 

NEW 

This option deletes the geometry currently in the memory, if there is one, 

and enters the edit mode in order to allow the user to specify a new reflector an- 

tenna. “NEW” has several sub-options, although only the single parabolic geometry 

is implemented in the present version. 

LIST 

This option provides the user with a complete list of the specified reflector 

geometry and feed characteristics. Also, this option shows some additional informa- 

tion, such as the values of the feed pointing angle to the center of the main reflector 

and to the direction that bisects the main reflector. These values are computed by 

PRAC based on the data previously entered by the user. 

RUN 

This option computes the co- and cross-polarized radiated fields generated 

by the specified reflector configuration. The patterns are stored in a output file 

“ OUT”, and can be viewed with the option “PLOT” or with any graphical package 

(e.g., AXUM [69]). The file name should have a maximum number of 8 alpha- 

numerical characters, which can be arbitrarily picked by the user. After typing the 

file name, the user should press <ENTER>. The “RUN” option has an effect only 

if a reflector system has already been completely specified. The first four lines in 

the “OUT” data file are: angle phi (degrees), initial angle theta (degrees), theta



Table 11.3. 

Summary of Commands 

PRAC <ENTER> To start the code. 

<ESC> Return to previous menu. 

| or <ENTER> Go to the next data input field. 

T Go back to the previous data input field. 

Pg Up Moves the cursor to the first data input field of the current screen. 

Pg Dn Moves the cursor to the last data input field of the current screen. 

Ins Activate/Deactivate the character insertion mode. 

«- Delete the previous character. 

Del Delete the character above the cursor. 

<Tab Key> Switches between available options. 

Ctrl-End (both keys should be pressed at the same time). Leaves the current data 

input screen, and activates the next data input screen, when one is available. 

Otherwise Ctrl-End finishes the edit mode going back to the main menu. 

Ctrl-F1 Calls the help screen (both keys should be pressed at the same time). It 

is available at any instant in the data edition mode. The help screen contains 

information sensitive to the actual cursor position and thus varies at each stage 

of the program. In order to close the help screen, going back to the data edition 

mode, the user can press any key. 
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increment (degrees), and number of theta angles. From the left to right, the three 

columns in the “.OUT” data file are: angle theta (degrees), co-pol. pattern (dBi), 

and cross-pol. pattern (dBi). 

PLOT 

This option shows any pattern plot previously computed by “RUN” and 

stored in a “.OUT” output file. After typing the filename, the user should press 

<ENTER>. 

11.4.3 Using PRAC 

Once in the PRAC environment, load the file “OFFSET.INP” (provided 

with the disk) by choosing the option “FILE”, followed by “LOAD”; then type: 

OFFSET <ENTER>. PRAC will automatically enter the edit mode. This is done 

in order to inform the user about the content of the file and also to allow the user 

to perform modifications, if necessary. It is always possible to modify a file later on 

by choosing the options “EDIT” and “MODIFY”. 

The first screen to appear is the reflector geometry screen. The user can 

navigate among the data input fields by using the control keys (see section 11.4.2). 

It is also interesting to call the help screen from different fields (by pressing Ctrl-F 1), 

since the PRAC help system is case sensitive. The geometry used by PRAC is shown 

in Figure 11.3 and the symbols are defined in Table 11.4. Further information may 

be found in the PRAC help screens (Ctrl-F1). 

Once the user is done with the first screen, use Ctrl-End to bring the second 

screen. In this particular example, the second screen is the feed data screen. The 

cos’(6;) feed screen appears after pressing Ctrl-End one more time. A summary of all 

the parameters specified by the user can be obtained through the “LIST” command. 
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Figure 11.3. Geometry of the offset parabolic reflector. See Table 11.4 for definitions 

of parameters. 
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Table 11.4. 

Definitions of Parameters 

D = Diameter of the projected circular aperture of the parabolic main reflector. 

h = Offset distance = Distance from the axis of symmetry (s) to the lower reflector 

edge. 

D, = Diameter of the projected circular aperture of the parent paraboloid. 

H = Offset of reflector center = Distance from axis of symmetry to center of reflector 

= D/2+h. 

F = Focal length. 

F/D, = “F/D” of parent paraboloid. 

wy, = Angle of feed antenna pattern peak relative to reflector axis of symmetry (s); 

the feed is directed toward point P. 

pe = Value of + which bisects the reflector subtended angle; i.e. feed is aimed at 

point B (ps = pg) and bp = vs + Ye. 

wo = Value of 2s when the feed is aimed at the reflector point C corresponding to 

the aperture center. 

ws = Half of the angle subtended by the reflector as viewed from the focal point. 

Point A = Apex of parent reflector. 

Point B = Point on main reflector which bisects subtended angle viewed from focal 

point. 

Point C = Point on main reflector which projects to the center of the projected 

aperture. 

Point F = Focal point. 

FT = Feed edge taper; FT > 0. 
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Also, “LIST” shows additional information for the given geometry and feed taper 

specifications (e.g., the value of “q”). 

Finally, after pressing Ctrl-End one more time, the far-field pattern screen 

appears. This is the last screen for data input. The current version of PRAC 

allows only the evaluation of standard theta-cut patterns (i.e., phi is fixed while 

theta varies). These are, most of the time, the patterns of interest. In this specific 

example, the pattern is computed in the yz-plane (i.e., the plane normal to the offset 

plane); see Figure 11.3. Valuable information about typical range values is provided 

in the help screen. 

The dimensions of the offset reflector in consideration are summarized in 

Table 11.5; see Fig. 11.3 and Table 11.4 for definition of symbols. Table 11.5 also 

presents the results computed by PRAC and obtained from other sources, showing 

its excellent accuracy. The largest difference of 0.70 dB occurs between PRAC and 

results published in [13] on the side lobe level value (SLL). However, the values listed 

in the last column of Table 11.5 were read directly from graphs presented in [13] and 

thus are not very accurate. 

Figure 11.4 shows the radiation pattern computed by PRAC in the yz-plane 

(plane normal to the offset plane). Cross Polarization (XPOL) is expected to be 

maximum at this plane [17, 4]. PRAC computed a maximum XPOL of -28.05 dB, 

as shown in Fig. 11.4 or read from Table 11.5. Fig. 11.5 shows the radiation pattern 

computed by the commercial code GRASP7 [15] in the same yz—plane. 
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Table 11.5. Test Results for an Offset Reflector 

@ = 90° (normal to the offset plane) 

Diameter D = 100A 

Offset of reflector center H = 70\ 

(F/D,) ratio = 0.466 

cos? 6; feed; q=13.0897 (10 dB edge taper) 

Feed tilt angle py = 34.72° & vo 

  

  
  

  

  

  

  

  

              

PRAC. | GRASP7 [15] | RAP [66] | Samii [13] 

Gain 49.01 dBi | 48.98 dBi NA* NA* 

Cap 80.67% 80.11% NA* NA* 

HPBW 0.64° 0.62° 0.50° 0.60° 

SLL Position 1.04° 1.04° 1.00° 1.00° 

SLL Value |} -24.30dB| -24.41 dB | -24.09 dB | -25.00 dB 

XPOL Position |} 0.44° 0.44° 0.40° 0.40° 

XPOL Value |! -28.05 dB | -28.05 dB | -28.40 dB | -30.00 dB 
  

*Not Available 
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Figure 11.4. The yz-plane co- and cross-polarized radiation patterns computed by 

PRAC for the 100. offset parabolic reflector specified in Table 11.5. 
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Figure 11.5. The yz-plane co- and cross-polarized radiation patterns computed by 

GRASP7 for the 100A offset parabolic reflector specified in Table 11.5. 
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A comparison between Figs.11.4 and 11.5 shows that the radiation patterns 

computed by both codes are in very good agreement. The largest difference of 0.11 

dB occurs on the sidelobe level (SLL). However, both PRAC and GRASP7 computed 

the exact same location for the SLL; i.e., at 1.04° off boresight. 

As a final note we mention that experimental data were available for the case 

of D = 85.54, H = D/2 (just fully offset), F/D, = 0.3, and ~; © co (FT=10 dB 

for »; = wp) [4]. Measured and computed values (PRAC and GRASP7) of XPOL 

are -22, -21.9, and -21.7 dB, respectively, confirming the accuracy of the computer 

simulations. 

11.4.4 Summary of Common User’s Errors 

e No numerical data input field may be left blank. In order to set some variable 

to zero, just type: 0 <ENTER>. 

e The decimal point is already fixed in the numerical data input fields of PRAC: 

..025 #4 0.25__ 

e The initial theta angle in the sub-option “PATTERN” must be different than 

Zero. 

e Finally, we note that the following options, although present in the PRAC 

menus, are not yet in operation: 

1. SPHERICAL REFLECTORS 

2. DUAL REFLECTORS 
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Chapter 12 

Appendix C: Derivation of 

Mizugutch and Dragone 

Conditions for XPOL 

Minimization 

12.1 Preliminary Considerations 

In this appendix we derive and contrast design relations often employed to 

minimize XPOL in dual offset reflector antennas. Initially, in the next section, we 

investigate the conditions for XPOL reduction in single offset reflectors, and then 

we extend the main results to dual configurations through the equivalent paraboloid 

concept. In subsequent sections, we derive Mizugutch and Dragone equations from 

these conditions, and a study is performed to compare and contrast the relations. As 

we will see, both equations represent the same condition and therefore yield identical 

results. 
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12.2 Cross Polarization in Single Parabolic Re- 

flectors 

We have shown in Chapter 2 that XPOL in single parabolic reflector systems 

is minimized when the feed antenna axis is coincident with the paraboloid axis of 

symmetry s [4]; see Fig. 2.1. It is assumed that the feed antenna is free of XPOL and 

is located at the paraboloid focal point F’. In addition, the feed radiation pattern 

is assumed to be symmetric (i.e., “balanced”) with respect to the zs-axis. Figure 

2.9 in Section 2.3.3 shows a typical XPOL behavior of an offset parabolic reflector 

antenna as a function of feed pointing angle, wy, [4]. Note that XPOL decreases with 

decreasing feed angle, %;, and is expected to be very low (i.e., XPOL < -35 dB) for 

ws = 0° [3, 4]. This corresponds to a geometry in which the feed axis, z;, is coincident 

with the main reflector axis, s. In practice, this is only possible with axisymmetric 

main reflectors, H = 0 in Fig. 2.1, since the feed must be tilted in single offset 

configurations in order to reduce gain loss. These results can be extended to dual 

offset geometries through the application of the equivalent paraboloid concept; this 

is addressed in the next section. 

12.3. The Equivalent Paraboloid Concept 

In this section we comment on the fact that a dual reflector system em- 

ploying a parabolic main reflector and an ellipsoidal or hyperboloidal subreflector is 

equivalent to a single parabolic reflector system. XPOL of the original dual reflector 

configuration is minimized when the feed antenna axis is oriented according to the 
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equivalent paraboloid axis, as commented in the last section. Furthermore, if the 

main reflector presents a circular projected aperture, the equivalent paraboloid is 

axisymmetric and gain loss is not excessive. Conditions to reduce gain loss while 

minimizing XPOL can be found elsewhere [31] and are not treated in the present 

study. 

It can be shown that any sequence of confocal reflectors formed by ellipsoids, 

hyperboloids, and paraboloids, is equivalent to a single reflector which is either an 

ellipsoid, a hyperboloid, or a paraboloid [34]. In particular, when the sequence is 

formed by an ellipsoidal subreflector and a parabolic main reflector (referred to as 

Gregorian configuration), or a hyperboloidal subreflector and a parabolic main re- 

flector (referred to as Cassegrain configuration), the equivalent single reflector is 

a paraboloid. The proof, based on a conformal mapping argument, is somewhat 

lengthy and is herein omitted. Figs. 12.1 and 12.2 show the equivalent paraboloid 

concept applied to Gregorian and Cassegrain dual offset reflector antennas [31]. The 

equivalent paraboloid in each case, neglecting diffraction and defocusing effects, pro- 

duces the same aperture fields of the corresponding dual reflector system, and con- 

sequently the near-boresight radiated fields are also identical. Therefore, for the 

purpose of determining the properties of the radiated fields, one may replace the 

original dual reflector Gregorian or Cassegrain configuration by its corresponding 

equivalent parabolic system. 
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Figure 12.1. Equivalent paraboloid for the dual offset Gregorian configuration. From 

(31). 

  

    

    
Figure 12.2. Equivalent paraboloid for the dual offset Cassegrain configuration. From 

(31). 
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12.4 The Equivalent Paraboloid Axis of Symme- 

try 

Our goal in the present section is to determine the condition for which 

the feed axis of the original dual reflector system is coincident with the equivalent 

paraboloid axis. As commented in the last section, XPOL is minimized when this 

condition is satisfied, and XPOL levels of -35 dB or better are expected. We start 

by showing how one can determine the axis of symmetry of an ellipsoid. Then we 

extend the result to a paraboloid since it can be seen as an ellipsoid with one focus 

at infinity [31]. 

It is known that any ray coming from one of the focal points of an ellipsoid 

is reflected towards the other focal point. Suppose that the ellipsoidal surface 0, 

and one of its foci, Fo, are given and it is desired to find the exact location of the 

axis of symmetry (defined by the two foci). Let a ray from the focal point Fo be 

reflected twice by the surface }°,; see Fig. 12.3 (a) [34]. In addition, let S and 5” be 

the initial and final directions of the ray. It is easy to see from Fig. 12.3 that both 

rays coincide with the axis only when 

wy
 

HT} Qt
 (12.1) 

Thus, the axis can be found by searching for a ray that satisfies this condition. Note 

from Figs. 12.3 (b) and 12.3 (c) that there are two such rays, with opposite directions. 

This result is also valid for paraboloids, since they can be seen as ellipsoids with a 

focal point at infinity. In that case, the second reflection is assumed to occur at 

infinity and s// is always parallel to the axis of symmetry. 
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(a) (b) (c) 

Figure 12.3. The axis of }), is determined by varying s until 5 = s//. From [34]. 

The feed antenna is located at the ellipsoid focal point Fo which is coincident 

with the focal point of the equivalent paraboloid; see Figs 12.1 and 12.2. Therefore, if 

the direction of the feed antenna axis is given by 5, condition (12.1) assures that the 

feed axis is coincident with the equivalent paraboloid axis, thus minimizing XPOL. 

Notice that two reflections on the equivalent paraboloid imply a total of 

four reflections in the original configuration [34]. This is easy to see from the fact 

that the ray returns to Fo after two reflections on the equivalent paraboloid. Since 

the focal point Fo of the equivalent paraboloid is coincident with the focal point of 

the subreflector in the original system, we conclude that the actual ray must also 

return to Fo in the original system; see Figs. 12.4 and 12.5. In order for this to be 

possible four reflections are required. The first two reflections take place at the actual 

subreflector (ellipsoid or hyperboloid) and the parabolic main reflector, while the last 

two occur at infinity (regarding the paraboloid as the limiting case of an ellipsoid with 
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Figure 12.4. Geometry of ellipsoidal system. From [43]. 

one focus at infinity) and the parent subreflector surface. Most important, the ray 

path must be closed in order to ensure that (12.1) is satisfied. Figures 12.4 and 12.5 

show configurations satisfying this geometrical condition [43]. Figure 12.4 employs 

an ellipsoidal subreflector and Fig. 12.5 employs a hyperboloidal one. Our analysis 

is limited to concave ellipsoids, convex hyperboloids, and concave paraboloids, since 

a focused system is desirable. Convex ellipsoids and concave hyperboloids, as well as 

spherical reflectors, are normally employed in reflector systems with more than two 

reflectors [34]. 
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Figure 12.5. Geometry of hyperboloidal system. From [43]. 

12.5 Design Relations for XPOL Reduction 

In this section we derive Dragone and Mizugutch conditions given below 

  

a 1 B _ 
tan 5“i tan 5 (Dragone Condition) (12.2) 

_ (1 —e?) sin B 
tana = (+ ©)cosB—2e (Mizugutch Condition) (12.3) 

We will show that both (12.2) and (12.3) express the same condition and 

therefore yield similar results. We start with the hyperboloidal system of Fig. 12.5. 

As addressed in the last section, the feed antenna axis is coincident with the equiva- 
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lent paraboloid axis when the reflected rays form a closed path with the ray coming 

from the feed antenna (located at Fo). This is a sufficient condition to minimize 

XPOL in the dual offset reflector system. When that condition is satisfied, parts 

of the rays form a triangle with vertexes at Fo, Ff’, and J. Therefore, if we enforce 

the existence of this triangle, the reflector configuration presents optimum XPOL 

performance. The law of sines applied to the triangle FoF J yields 

sina _ sin[m — (a + B)| _ sinf (12.4) 
2 2c Ty 
    

where a is the feed pointing angle measured relative to the hyperboloidal subreflector 

axis of symmetry (FoF), and # is the angle between the hyperboloid axis and the 

paraboloid axis of symmetry; see Fig. 12.5 for further details. In addition, the 

distances r; and rz are given by (43] 

r, = (fele’ =U (12.5) 
ecosa + 1 

_ (ele(e? = 1) 42.6) To = 
, ecos  — 1 

where c is half of the interfocal distance, and e is the subreflector eccentricity (e > 1 

for a hyperboloid and 0 < e < 1 for an ellipsoid). The first equality of (12.4) yields 

(2esina)(ecos 8 —1) = e’*sin(a + B) —sin(a + 8) (12.7) 
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which can be rewritten as 

2esina — sin(a + f) — e’sin(a — B) = 0 (12.8) 

where the following relation was used twice 

sin(a + 8) = sinacos 8 + cosasin # (12.9) 

Equation (12.8) can be straightforwardly transformed to 

(1 — e?)sin 8 

(1 + e?) cos 8B — 2e 
  tana = (12.10) 

which is Mizugutch condition (12.3) [16]. Now, if we add and subtract sin(a + §) 

from (12.8), we obtain 

2esina — 2sinacos# — 2cosasinB —e’sin(a—8)+sin(a+8)=0 (12.11) 

which can be rewritten as 

2esinf# + sin(a+ f) —e’sin(a — 8) =0 (12.12) 

where we used the relation 
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_ sina +sinf = Galen By (12.13) 

obtained from the equality of the first and last terms of (12.4); i.e., 71 sina = r2sin £. 

It is interesting to note that (12.12) can also be derived from the second equality 

of (12.4). This is because any triangle is completely defined by two sides and two 

angles, and therefore (12.8), (12.12), and (12.13) represent the exact same condition, 

although in different mathematical forms. We now show that (12.2) is just a linear 

combination of (12.8) and (12.12). Adding (12.8) and (12.12) gives 

sina + sin § — esin(a — 8) =0 (12.14) 

And subtracting (12.8) and (12.12) yields 

e{sin a — sin 8] — sin(a + 8) = 0 (12.15) 

Finally, by taking the difference of (12.14) and (12.15) one arrives at 

  

(12.16) {2
 

| 
7
 

+
 

—
 

h
o
}
 

which is generally referred to as Dragone condition [34] and is in the format of 

(12.2). Note that the term (e+ 1)/(e — 1) is normally referred to as the subreflector 

magnification, M. 

For the ellipsoidal system of Fig. 12.4, the same procedure employed for the 

hyperboloidal system yields the same set of equations. It is worth noting that in this 
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case, (12.10) and (12.16) yield negative values for a since for an ellipsoid 0 < e < 1. 

However, this can be avoided if we define a as in Figs. 12.4 and 12.5. In that case, 

(12.10) and (12.16) are written as 

  

  

t = 2.17 
ne (1 + e?) cos 8 — 2e (12.17) 

and 

e+1 8 
tan =~ = tan ~ . an e- 1 an 5 (12.18) 

where the absolute values were introduced to account for the different orientations 

of q@ in the ellipsoidal and hyperboloidal systems of Figs. 12.4 and 12.5. Equations 

(12.17) and (12.18) represent the same condition for XPOL minimization in dual 

offset reflector systems, and therefore yield similar results. Sometimes, (12.18) is 

preferable over (12.17), since it is more compact and allows the direct computation 

of § as a function of a. 

We investigated the solutions of (12.17) and (12.18) for various values of the 

subreflector eccentricity e. In fact the results obtained from both equations were 

identical for angles in the first quadrant (i.e.,0 <a, 8 < 90°). This is an expected 

result since both equations contain a quadrant ambiguity. However, this does not 

represent a problem since angles outside the first quadrant have no practical meaning 

in our study configuration and can therefore be neglected. Figure 5.2 in Section 5.2 

shows the behavior of a as a function of § for various values of e, such that (12.17) 

or (12.18) is satisfied (condition for XPOL minimization). Practical applications of 

(12.17) or (12.18) can be found throughout this dissertation. 
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