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ABSTRACT 

This technical report summarizes the results of extensive measure¬ 

ments designed to evaluate the effects of a homogeneous, spherical, glass 

(Pyrex) radome on the sidelobe structure of an isolated, low-sidelobe 

antenna. The antenna-radome combination is intended for use on a submar¬ 

ine for satellite communication. The results are divided into three basic 

categories: first, the performance of an optimum low-sidelobe antenna is 

discussed; second, the measured and calculated performance of various 

candidate antennas without radome will be presented; finally, the effects of 

the spherical radome on the radiation patterns of the isolated antennas will 

be considered. Both lens and paraboloidal dish antennas are considered. 

The results of the measurements show that with the lens-radome combination 

low sidelobes can be achieved, whereas the dish-radome design presents 

considerable difficulties in achieving a low-sidelobe pattern. 

ill 



A Low-Sidelobe Antenna-Radome Study 

at K -Band 
a 

I. Characterization of the Ideal, Low-Sidelobe Radiation Pattern 

In order to evaluate the feasibility of designing an antenna having spe¬ 

cific size, gain and sidelobe requirements, it is necessary to specify an un 

ambiguous set of criteria which define what one might refer to as characterizing 

the "optimum antenna." Then one can readily evaluate how well a specific an¬ 

tenna performs relative to these criteria, and a basis for comparisons between 

several candidate antennas is established. The specific requirements for the 

antenna-radome combination under consideration stem from its potential use on 

a submarine for surface to satellite communication. Thus the radome m^ot be 

J 
structurally strong, requiring a radome several wavelengths thick at the fre 

quency of interest (37 GHz). The composite antenna-radome structure must 

occupy minimum volume, but is required to have maximum gain and minimum pos¬ 

sible sidelobe level. The radome itself must offer negligible pattern dis¬ 

tortion with look angle, which scans the entire upper hemisphere above the 

surface. This leads to the obvious choice of a spherical radome, to be 

considered here, although other shapes are presently under consideration. 

The sidelobe requirement has been set at nominally 40-dB first sidelobe. 

However, specifying only the level of the first sidelobe and not its posi 

tion is a rather vague specification and can lead to a non optimum design. 

To demonstrate this, Fig. 1 illustrates the radiation patterns of an 

18 inch circular aperture having two different aperture distributions de¬ 

signed for low sidelobes. One has a 24-dB edge taper yielding a 40-dB first 

sidelobe and the other a 40-dB edge taper producing a 55-dB first sidelobe. 
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Clearly, the patten, with the higher flrat aldelobe la »ore ault.ble for mini«,» 

detectability for angles outside 2°. Thus It becomes clear that, along with spec¬ 

ifying the maximum allowable field In the aldelobe region, one must also specify 

a critical solid angle outside which the field cannot rise above this level. 

With this in mind we define the ideal pattern as follows: 

For a fixed aperture size, the ideal pattern is that pat- 

tern which maximizes the directivity on boresight, subject 

to the constraint that the field outside a specified coni- 

al 80lid an8le ßc about boresight is less than 40 dB." 

The aperture distribution which produces this radiation pattern is not 

rigorously known, but if one relaxes the directivity condition and replaces 

the condition on maximum directivity with a condition which minimizes the 

beamwidth, the ideal pattern is then readily determined to be a Taylor pat¬ 

tern, which gives the optimum tradeoff between beamwidth and sidelobe level. 

The ideal Taylor pattern is characterized by a single main beam, followed by 

uniform sidelobes. This pattern is, of course, physically unrealizable, but 

can be approximated closely if the sidelobes are allowed to decay after the 

first few lobes occur. The Taylor radiation pattern is circularly symmetric 

about boresight and hence only the cone angle 9c relative to boresight need 

be specified. 

It is interesting to compare how the critical angle 6c changes as a func 

tion of aperture size. To examine this, consider the ideal Taylor far-field 

power pattern 

cosh2(u2 - A2)1/2 

where cosh A is the sidelobe level, u 

(1) 

sin0, k ■ 2tt/X, A * signal wave 
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length, 9 - pattern angle about boreaight and D - aperture diameter. If we 

specify the angle 0c via the position of the first null, i.e., 

__ — 

/uc - A - */2 (2) 

kD 
where uc - (-^-) sin0c, then it la readily shown that for 40-dB aidelobes, 

2u 

D " kaine (3) 
c 

Choosing f ■ 37 GHz we obtain 

D a .56/sin8c (4) 

Thus using the ideal Taylor pattern as the measure of the optimum pattern, 

Eq. (4) specifies the MINIMUM size aperture needed to obtain a radiation pat¬ 

tern below 40 dB for 0 > 8C* Figure 2 illustrates the angle 0c as a function 

of aperture size at f ■ 37 GHz. Hence for an 18-inch aperture the very best 

one could hope to achieve would be to constrain the power level to below 40 dB 

outside a conical angle of 1.8® about boreslght. If the aperture size is 

reduced to 10 inches, the critical angle Increases to 3.2°. From the curve 

one observes that an 18-inch aperture represents, from a practical viewpoint, 

the diameter giving maximum use of the aperture, since any Increase in aper¬ 

ture size would yield only slight benefit in decreasing 0c. At the lower end 

of the curve the critical angle decreases very rapidly with Increase in aper¬ 

ture size, and the benefits of increasing the aperture size even slightly are 

4 
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Fír. 2. Minimum aperture size required for pattern <40 dB for 0> 0c, f « 37 GHz. 
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readily apparent. One suspecta that the reason the optinum size appears to be 

near 18 inches is that the gain of such an aperture is about 40 dB, so that the 

specified sidelobe level, -40 dB, is near the isotropic level. Clearly, another 

choice of desired sidelobe level would lead to a different optimum diameter. Of 

course these are very ideal results, for with any high-frequency aperture-type 

antenna one cannot precisely control the taper near tba edge of the aperture. 

Thus the curve in Fig. 2 applied to a practical antenna system would be dis¬ 

placed somewhat to the right, particularly for smaller aperture diameters. 

In Fig. 3 we Illustrate the aperture distribution which produces the op¬ 

timum pattern for an 18-inch aperture at 37 GHz, and in Fig. 4 the correspond¬ 

ing radiation pattern. Observe that the position of the first null occurs at 

0c *il.80, consistent with the results of Fig. 2. The aperture taper was ob- 

. . 2 
tained using the tables in Hansen, which give the aperture distribution 

producing a Taylor pattern for fixed sidelobe level. The resultant patterns 

were then computed using the formulation developed in Appendix II. 

II. Isc' ted Antenna Study 

In order to determine how closely one can approach the ideal criteria dis¬ 

cussed in Section I, tests were performed on four separate candidate antennas. 

The aperture diameter of each was fixed in the range (18-20) Inches at a fre¬ 

quency of 37 GHz. The various candidate antennas are briefly described below: 

TEST ANTENNAS 

1. 18" plano-convex lens. Focal length - 21”. Conical, 

corrugated feed horn. Lens obtained on loan from Rome 

Air Development Center (see Fig. 5). 

2. 18" plano-convex lens. Focal length ■ 15". Conical, 
corrugated feed horn. Lens scaled to V-band (61 GHz) 

(see Fig. 9). 
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Fig. 3. Optimum 40 dB sldelobe aperture distribution. 18-inch aperture dis¬ 

tribution, 18-inch aperture, f ■ 37 GH*. 
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Fig. 4. Optimum radiation pattern, 18-inch aperture, £ > 37 GHz. 
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3) 20" parabolic dish. Waveguide feed crossing over the 
rim in the H-plane. Scaled to V-band. 

4) 20 parabolic dish. Axially symmetric corrugated cup, 

raar feed. Scaled to V-band (see Fig. 15). 

The 18-inch plano-convex lens with 21-inch focal length obtained from Rome 

Air Development Center will be referred to as the RADC lens. The remaining 

lens and dishes were designed as part of a combination antenna-radome experi¬ 

mental setup to determine the effects on the radiation pattern of the isolated 

antennas when enclosed by a spherical radome enclosure. The 18-inch plano¬ 

convex lens type was selected following an extensive study of various possible 

lens geometries which might be used. The details of the lens design are pre¬ 

sented in Appendix I. The 20-inch parabolic dish was a commercially available 

TRG dish» slightly modified so that the over-the-rim feed would fit compactly 

inside the radome. The seme dish was then modified and used with an axially 

symmetric feed design using a corrugated cup, rear feed. in order to facil¬ 

itate the construction of a reasonable size radome, the entire measurement 

was scaled to 61 GHz. The effects of the radome on the radiation patterns 

will be discussed in Section III, and only the isolated antennas are considered 

here. 

A. RADC Lens 

A conical, corrugated feed horn was designed for use with the RADC lens. 

The horn has a edge taper of approximately 18 dB, and the feed and lens were 

mounted as illustrated in *ig. 5. Using the measured feed patterns, the 

aperture distribution outside the lens was determined and is illustrated in 

Fig. 6. The E- and H-plane patterns differed very little and so the average 

9 



Fig. 5. RADC lens and feed.
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Fig. 6. Aperture distribution for RADC lens compared to optimum. 
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of the E- and H-plane feed patterns was used. The effect the lens introduces 

on the taper, as shown in Appendix I, is quite small, and was found to have a 

negligible effect on the radiation pattern. Thus it was omitted in the numer¬ 

ical calculations. For comparison the aperture distribution corresponding to 

the optimum radiation pattern is also sketched in Fig. 6. Although the edge 

taper is of the correct magnitude, the feed distribution is somewhat lower 

than optimum over the inner portion of the aperture, leading to a smaller 

effective diameter. Thus we expect a somewhat broader pattern with slightly 

increased eidelobes. The measured and computed radiation patterns ere illus¬ 

trated in Figs. 7 and 8. The computed patterns were obtained using the form¬ 

ulation in Appendix II. The measured patterns yield a critical angle 0c».4.2“ 

which agrees with the computed value of A.2®. A contour plot of the complete 

pattern verified this value of 9c in all planes. 

B. V-Band Scaled Lens—Experimental Results 

The next three candidate antennas were part of the dish and lens radome 

study to determine the effects introduced by a spherical radome enclosure on 

the radiation pattern. The desired lens at 37 GHz was an 18-inch plano-convex 

lens with a focal length of 15 inches, which scale to roughly 10 inches and 

9.1 inches, respectively, at 61 GHz. Several different conical feed horns 

were fabricated and the taper most closely approximating the optimum is con¬ 

sidered here. The lens and feed were mounted in the cylindrical chamber as 

shown in Fig. 9. The mount was designed for use in the radome experiment to 

be described later. The measured E- and H-plane feed horn patterns were used 

to determine the aperture distribution shown in Fig. 10, where the optimum 

12 



Fig. 7. E-plane measured and computed radiation patterns for RADC lens. 
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Fig. 9. V-Band lens experimental setup.
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taper is also shown. The feed patterns were somewhat unequal at the outer 

portion of the lens, resulting in an E-plane aperture distribution consider¬ 

ably higher than the H-plane distribution at the outer edge. Th® average 

edge taper is higher than optimum and the distribution over the aperture 

center is somewhat lower than optimum, again resulting in higher sidelobes 

and wider null positions when compared to the optimum pattern. The corres¬ 

ponding E- and H-plane measured and computed patterns are shown in Fig. 11. 

The patterns were computed using the average of the E- and H-plane aperture 

distributions. As expected the beamwidth is narrower than that for the RADC 

lens, but the measured patterns are somewhat high in the near-in sidelobe 

region, and the critical angle is essentially the same as the RADC lens at 

A.25°, but is greater than the computed value of 4.1°. The H-plane pattern 

has considerably lower near in sidelobes, which would be expected as the 

H-plane aperture distribution corresponds more closely to the optimum taper. 

Gain measurements set the gain at approximately 40.5 dB. 

c* V-Band Feed Modified—Experimental Results 

Upon comparison of the optimum and measured aperture distributions for 

the V-band feed just discussed, it is readily seen that the central distribu¬ 

tion closely approximates the optimum, but the E-plane edge taper is much too 

high. In order to compensate for this and lower the edge taper, a piece of 

absorber was shaped into a conical form and inserted between the feed horn and 

outer edge of the lens as shown in Fig. 12. The idea here is that a wave 

launched along the absorber would be slightly attenuated at the outer edge 

of the Lens, thus reducing the edge taper, but the taper in towards the 

aperture center would be unaffected. This would also resui; in a some¬ 

what lower H-plane taper, but calculations indicated that this would not sig- 
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Fig. 11. Measured and computed radiation patterns for V-Band lens 
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Fig. 12. Conical absorber mounted from feed to V-Band lens. 
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nlílcantly affect the pattern. The results are shown in Fig. 13. The com¬ 

plete sldelobe structure has decreased significantly, and the critical angle 

has decreased to approximately 3.4°, a significant Improvement. The E-plane 

pattern is defocused somewhat, perhaps due to phase shifts introduced by 

the conical absorber. The presence of the absorber results in a gain decrease 

of roughly .5 to .75 dB. 

D. V-Band Parabolic Dish—Experimental Results 

The scaled V-band dish was Initially used with a waveguide feed crossing 

over half the aperture diameter In the H-plane. The feed approximates an 

18-dB taper at the edge of the dish. The dish was a commercial TRG 12-inch 

dish with the feed redesigned in order to fit inside the radome enclosure 

mentioned previously. The measured patterns are shown in Fig. 14. The prin¬ 

cipal plane patterns are significantly greater than 40 dB in the sldelobe 

region, indicating the need for an axial feed in the final design. The effect 

of feed scattering results in a critical angle of approximately 16° dominated 

by the E-plane pattern, where feed scattering is the most significant. 

In view of the above results, an axially symmetric corrugated cur rear 

3 
feed design used previously at K -band was scaled to V-band. The same 12- 

8i 

inch TRG dish was modified for use with this feed, and the dish and feed are 

Illustrated in Fig. 15. The corresponding measured E- and H-plane patterns 

are Illustrated in Fig. 16. The critical angle is now reduced to 8°. 

This critical angle is still significantly greater than that obtained with 

the lens, but is adequate for evaluating the effects of the radome enclosure 

on the outer sldelobe structure. 

20 
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Fig. 13. Measured radiation patterns for V-Band lens with conical absorber. 
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pi.?b-5^

Fig. 15. V-Band dish with axially symmetric feed.



feed. 
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E. Effects of Aperture Blockage 

The previous results have indicated that either an 18-inch lens or dish 

could be made to satisfy the low sidelobe requirements of the submarine 

antenna terminal, although, as expected, the lens yields a somewhat better 

sidelobe structure since the feed pattern is considerably easier to control. 

Thus it remains to examine the various other tradeoffs which might exist 

between the lens and the dish. One such tradeoff is the effect of antenna 

size on sidelobe level, where for the dish antenna the effect of feed block¬ 

age becomes important. 

As the diameter of the aperture decreases, thî feed used with the dish 

antenna occupies an ever increasing fraction of the total aperture area and 

hence feed scattering then becomes significant. In order to assess the mag¬ 

nitude of this effect, we have computed the critical angle outside which the 

field drops below 40 dB for a circular aperture with and without feed block¬ 

age, as a function of aperture diameter. The diameter of the feed blockage 

is fixed at .7 inch (the K -band diameter of the cup feed used above) 

4.5 
and a cos * taper was used for each case giving 40 dB first sidelobe without 

feed blockage. The results are shown in Fig. 17. Significant feed scatter¬ 

ing is evident for aperture diameters less than 14 inches. Hence the use of 

an axially fed dish would require at least a 14-inch aperture. 

III. Effects of a Spherical Radome on the Radiation Pattern of the Isolated 
Antenna 

In order to estimate the effects of the radome on the sidelobe character¬ 

istics of the lens antenna, a computer program was written to calculate the 

25 
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antenna radiation pattern with and without radotne present. The details are 

presented in Appendix II. Referring to the geometry of Fig. 18, the incident 

wavefront is transformed through the radome via ray tracing to an effective 

aperture outside the radome, from which the far-field pattern is then calcu¬ 

lated. The radome was made of Pyrex (er « 4.5, tanÓ«0.1 at 37 GHz) and the 

thickness was chosen so as to minimize the net loss in gain due to absorbed 

and reflected power. The details of the calculation are presenteo in 

\opendix III. We have used a thickness of .688 inch at 37 GHz which maxi¬ 

mizes the power transmitted through the radome and yet is thick enough to he 

representative of what one might expect for the final design of a structurally 

sound radome for submarine use. 

The radome introduces significant phase distortion over the effective 

aperture outside the radome, and also introduces amplitude variations and a 

cross-polarized component over the aperture. Figure 19 compares the computed 

principal plane patterns with and without radome for the conical feed taper 

used with the 10-inch V-band lens considered earlier. The patterns with rad¬ 

ome have differing E- and H-plane patterns, and the critical angle increases 

slightly, from 4.1° to 4.8°. Figure 20 illustrates the cross-polarized com- 

n^nent of the radiation pattern, with radome, along the diagonal (45°) plane 

where the cross-polarization is maximum. The radome does not introduce a 

cross-polarized component in the principal planes. Insertion of the radome 

introduces 1.92 dB loss in gain (calculated). Thus for the lens antenna, 

where multiple radome-lens reflections can be expected to have a negligible 

amplitude, a homogeneous spherical radome should not introduce significant 

27 



Fig. 18. Geometry for calculating effects of spherical radome on the radia¬ 
tion pattern. 
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Fig. 19. Calculated radiation patterns for pyrex radome. 
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Fig. 20. Cross-polarization introduced by pyrex radome in diagonal (<t> = 45°) 

plane. 
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pattern distortion, and should not Increase the critical angle significantly. 

These conclusions will be verified In the following discussion of the experl- 

mental results. 

A‘ MSgsured Patterns for the V-Band Lens Inside a Pvrex 

In order to verify these conclusions experimentally, a hemispherical Pyrex 

radome was constructed to fit over both the lens and dish antennas. The thick¬ 

ness was scaled to .417 inch at 61 GHz from .688 inch at 37 GHz. The combination 

lens-radome mounting is shown in Fig. 21. The corrugated V-band horn dis¬ 

cussed previously was used as a feed, and the measured radiation patterns 

with and without radome are illustrated in Figs. 22 and 23. As expected the 

Phase distortion introduced by the radome eliminates the near-in sidelobes, 

but the critical angle has increased from 4.25° to approximately 6», slightly 

greater than expected. This phase distortion can be partially compensated 

for by refocusing the feed in which case the critical angle is found to de¬ 

crease to approximately 5.4«. In Figs. 24 and 25 the radiation patterns 

with and without radome are illustrated for the case when the conical absorber 

is present from the feed to the outer diameter of the lens. The pattern dis¬ 

tortion introduced by the radome is now significantly less, and the critical 

angle has only increased .4«, from 3.4« to 3.8». Thus it appears feasible to 

satisfy the low sidelobe requirement both with and without radome if one uses 

a lens antenna enclosed by a homogeneous radome. The presence of the radome 

results in a gain loss of 3 dB, somewhat greater than calculated. 

B* Mggsured Patterns for V-Band Dish with Spherical 

The results for the dish-radome interaction are not as encouraging. Fig¬ 

ure 26 illustrates the measured patterns for the V-band dish with axially 

31 



Fig. 21. V-Band lens inside spherical radome.
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Fig. 22. Measured effects of radome on H-plane radiation pattern of V-Band lens. 
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Fig. 23. Measured effects of radome on E-plane radiation patterns of V-Band lens, 
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Fig. 24. Measured effects of radome on H-plane radiation pattern of V-Band lens. 
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Fig. 25. Measured effects of radome on E-plane radiation pattern of V-Band 
lens — with conical absorber present. 
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Measured radiation patterns for V-Band dish with axial feed with 
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symmetric feed, enclosed by the spherical radome. We observe that the multiple 

reflections between dish and radome account for significant scattering into 

the sldelobe region. The critical angle has Increased from 8* to approxi¬ 

mately 20*. This, of course, would be expected,as with the dish, all the energy 

radiated from the feed (other than spillover) must exit to the far field; with 

the lens, some of the reflected energy passes back through the lens and is 

absorbed in the enclosing structure. This suggests that it might be possible 

to lower the sidelobe level with radome by employing individual matching 

layers on each side of the radome. This would further reduce the energy 

reflected from the radome, which scatters into the sidelobe region. A com¬ 

bination of polyethylene (er « 2.24) and paraffin wax (er « 2.22) were used as 

matching layers. The results are shown ir Figs. 27 and 28 for the cases 

with and without radome for the principal planes. The critical angle has 

decreased significantly, to approximately 12° , although the power level 

remains near the 40-dB level out to approximately 18° . 

c* Measured Cross-Polarization Introduced by the Radome 

As mentioned above, the radome does introduce a significant cross- 

polarized component along the diagonal planes, but no cross-polarized compon¬ 

ent in the principal planes. This in fact was observed experimentally. A con¬ 

tour plot verified that theradome only increased the peak cross-polarization 

level about 1-2 dB. Furthermore, the position of the maximum lies close in 

toward the main beam, and well within the critical angle of the main beam. 

Thus the cross-polarization introduced by the radome should not be a major 

factor in the sidelobe level outside the critical angle. 
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Fig. 27. Measured H-plane radiation patterns for V-Band dish with axial feed 
with radome with matching layers. 
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IV. Conclusions 

We have examined the problem of the feasibility of designing a lowside- 

lobe antenna*radome combination to be used In a submarine environment. Phys¬ 

ical considerations require that the antenna be of minimum size, yet have the 

lowest possible sidelobe structure. We have shown that the choice of an 

18-inch aperture yields a good tradeoff of aperture size vs. sidelobe level, 

and that at f ■ 37 GHz, the best theoretically achievable critical angle out¬ 

side which the pattern is below AO dB is 1.8°, with a beamwidth of 1.3°. In 

order to examine how closely one can expect to approach the ideal result, we 

have tested four candidate antennas having a low sidelobe structure, two 

lenses and two paraboloidal reflectors (dishes). With moderate care, we have 

been able to achieve a critical angle of 3.4° with a lens antenna and 8.3° 

with a dish, incorporating an axially symmetric feed. These certainly do not 

correspond to the theoretical lower limit, but are felt to be adequate within 

scope of the present study. The 40-dB critical angle has been used only as 

a convenient measure to compare the outer sidelobe level. In Table I, we 

present a more detailed comparison of the lens vs. the dish in which we con¬ 

sider not only the 40-dB critical angle, but also the 50-dB critical angle, 

beamwidth and the corresponding quantities for the cross-polarized component. 

For comparison, we also include in the table the corresponding data for the 

Ka~band, 18-inch dish from which the V-band dish was scaled. It is clear 

that the lens offers a much lower outer sidelobe pattern. Furthermore, it has 

(3) 
been shown “hat the 8° critical angle for the axially symmetric dish is 

due primarily to aperture blockage and surface roughness. Thus it appears 
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Table 1 

COMPARISON OF DISH TO LENS 

Beamwidth 

AO dB Critical Angle 

50 dB Critical Angle 

40 dB Critical Angle 

with Radome 

Cross-Polarization 

Level below Principal 
Component 

(6 ) Cross Polarization 
AOdB 

(9 ) Cross Polarization 
50 dB 

- Measured on 18-inch K^band antenna (37 GHz) - Principal E and H 
planes only. a 

- Neglects slight peak at 50 dB off edge at 90°. 

LENS DISH-AXIAL FEED 

1.35* 1.4° 

(1.5#)+ 

3.4' 8.3° 

(8#)H 

8.5* 24° 

(17°) «>+* 

3.8° 

28 dB 

15° (Average) 

10 dB 

2.7° 

4.5' 
.+* 
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that it would be difficult to improve significantly on the 8° value for the 

dish. Since there is no aperture blockage with the lens, one has much better 

control over the aperture distribution, and hence a greater freedom to lower 

the sidelobe level. Thus the lens offers definite advantages over the dish 

in minimizing the sidelobe level. The one advantage of the dish antenna is 

that it takes up less volume than the lens, which might make it easier to 

package equipment inside the radome. 

The effect on the radiation pattern of a spherical radome enclosure over 

the antenna was also studied. A homogeneous, spherical, Pyrex radome was 

designed for minimum reflection and absorption, and the effects on both the 

lens type and dish-type antennas were determined. For the lens, the radome 

did not significantly affect the sidelobe structure outside the critical angle 

or 3.8°, although the pattern is defocused somewhat in the main beam due to 

the phase errors introduced over the aperture due to the radome. Feed de- 

focusing can be used to partially cancel out these phase errors, hence in¬ 

creasing gain and decreasing the critical angle. 

When the radome enclosure is used with the dish-type antenna, the effect 

of dish-radome reflections lead to a significant increase in the sidelobe 

level. We were able to partially compensate for this increase by employing 

matching layers on each surface of the radome, although the outer sidelobe 

structure is still somewhat higher than the lens. The use of the dish neces¬ 

sitates the use of an axial type feed to minimize the effects of feed scatter¬ 

ing and the effects of radome-feed interactions. 
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APPENDIX I 

Lens Pesien 

The design of a lens antenna is more complicated than that of a parabolic 

reflector, because the lens design has more variables. With both antennas, 

the diameter is usually fixed by system considerations, that is by the desired 

gain or beamwidth at the operating frequency. The only remaining parameter 

to be chosen for the reflector is the focal length. The lens has two refract¬ 

ing surfaces; one surface can be chosen almost arbitrarily, and the other 

then determined to give a desired focal length. In addition, another para¬ 

meter is the dielectric constant the choice of which affects the thickness 

as well as the lens shape. Lens design is usually carried out using geo¬ 

metrical optics and neglecting interface reflections. In order to success¬ 

fully neglect these reflections, a low dielectric constant is desired so 

that the complications of surface impedance matching layers can be avoided. 

The dielectric constant cannot be chosen too low, however, because if it is, 

a very long focal length or very thick lens will be required. In addition, 

the dielectric material must have a very low loss tangent at the frequency 

of interest to avoid excessive loss of energy, and also to avoid modification 

of the feed-horn illumination taper. 

Materials commonly used for microwave lenses because of their low loss 

and reasonable dielectric constants are polytetrafluoroethylene (Teflon) 

and polystyrene. In our lens design we have used the latter in a stable, 

cross-linked, easily machined form sold under the trade name Rexolite 1A22. 
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The index of refraction U'/tQ) at 37 GHz is approximately 1.59 and loss tan¬ 

gent is less than .001. 

4 
Two lens shapes are easy to analyze. The first is the plano-convex, 

with the convex side facing the feed, and the exit plane of the lens coincid¬ 

ing with the exit phase front. The convex side in this case is described by 

a hyperbolic curve. This lens tends to bunch the energy from the feed toward 

the center of the lens, increasing the amplitude taper. It has the disadvan¬ 

tage that the angles of incidence of the rays on the convex side are relative¬ 

ly large, leading to large reflections for one polarization for reasonable 

values of focal length. The second type of lens has a spherical inner sur¬ 

face, coinciding with the input spherical phase front from the feed horn. 

The outer surface is described by an ellipsoid of revolution. The main dis¬ 

advantage of this lens is that it tends to bunch the energy at the edges of 

the lens and decreases the amplitude taper, tending to raise sidelobes. Both 

of these lenses have the disadvantage that one surface coincides with a phase 

front of the electromagnetic wa e and so any surface reflections tend to be 

focused back to the feed horn, possibly causing too high an input VSWR. 

We have chosen a plano-convex lens, with the plane side toward the feed. 

This is a configuration somewhat more difficult to characterize analytically, 

but has desirable electrical properties. Refraction takes place at both sur¬ 

faces, so angles of incidence of rays at these surfaces are relatively small, 

leading to relatively low reflection for any incident polarization. Neither 

surface is an equiphase surface, so reflection back into the feed tends to be 

small. This lens has little effect on the amplitude taper. The plane sur- 
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face is relatively easy to machine. The curve describing the outer surface 

cannot be expressed in simple analytical form, but must be computed numerically. 

The coordinates of points on the generating curve of the lens may be 

derived using the law that for a focused system, all electrical path lengths 

from the feed to a prescribed aperture plane are equal, and also using Snell's 

law at the plane surface, that is (see Fig. 1-1) 

where 

01 + n P._ + P„, ■ F f nt 12 23 

nsinŸ ■ sin0 

0-1) 

(1-2) 

poi ;s the distance from the focus to the plane surface of the 
lens 

^12 ^-8 path length of the ray inside the lens 

1*23 Pa^ length from the lens to the reference plane 

0 is the angle of incidence 

Î is the angle of refraction 

n is the index of refraction, n ■ /e*/ e ' 
o 

t is the lens thickness at center. 

After some manipulation, parametric expressions for the x, y coordinates of 

the lens generating curve can be found: 

x m F iosŸ(cos0-l) + t cosOcosYfn-l) 
cosOín-cosf) 

2 
y . F sin0(n -ncosŸ + cos0 -1) + t co80sin0(n-l) 

ncos0(n-cosf) (1-4) 
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The thickness, t, required cnn be considered a function of the maximum dia¬ 

meter, 2y , of the lens and the local length F. For the edge ray, the path 
max 

P12 " ^ an<* (*“1) can b® written as 

2 2 
(F + y ) + t - F + nt 

max 

which may be solved for t 

t - 
(F2+y2 )1'2-f 
_1 max_ 

n-1 
(1-5) 

If a given aperture diameter antenna is desired, Zy^^ is chosen slightly 

larger so that a rim thickness is available at the edge of the lens for 

attachment purposes. In addition, y may be adjusted slightly so as to inâx 

make nt s mX/2, m an integer, which condition reduces the reflection for the 

paraxial rays. Equation (1-5) may be cast in the form 

t . ((F/D)2 4- 1/4)1/2 ■ F/D . 

D n-1 U 

where D = 2y and plotted for a typical value of n, n * 1.59. (See Fig. 

i-2.) From this curve, it can be seen that F/D cannot be much less than 

unity to maintain a reasonably small value of t. F/D must also be kept near 

unity to keep the angles of incidence of the edge rays from getting too large, 

so that reflection does not become a severe problem. On the other hand, it is 

desirable to keep F as small as feasible to make the overall antenna design 

more compact. 

It remains only to calculate the effect of the lens on the amplitude 
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taper. Given an amplitude distribution A(0) from the feed horn, we wish to 

find the aperture amplitude distribution F(y). From Ref. 4 

F(y) , f sin6d0l1/2 
A(0) [ ydy J 

dy/d0 may be obtained by differentiating 1-4 with the 
result that 

I«» * j 
1/2 

(1-7) 

where U - Fcos0(n -cost + cos0 -1)- FsinOisinO-cosOtanf) 

+ t(n-l)cos20 + nysin0(n-cosŸ) - y cos20tan’f. 

Wlnen evaluated numerically, this ratio varies little from unity for the lenses 

studied (F/D = 1). Figure 3 shows calculated values of this factor using the 

parameters for the final lens design. Observe that even at the outer edge of 

the lens, the feed pattern is only modified by .735 dB. 

For the present application, an aperture diameter of 18 inches was 

required. To obtain a usable 18-inch aperture, D in (1-6) was chosen as 

19 inches, and F as 15, (F/D * .8) leading to a center thickness of 4.66 

inches. These values were chosen as an engineering compromise among the var¬ 

ious factors mentioned above. 
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Fig. 1-3. Modification of aperture distribution due to lens. 
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Appendix II 

The Radiation Pattern of a Circularly Symmetric Aperture Enclosed 
in a Homogeneous Spherical Radome 

Consider the geometry illustrated in Fig. (16). The following analysis 

tor the radiation pattern is based on the applicability of geometrical optics, 

in which we assume that the exit rays from the circular aperture propagate 

in straight lines to the radome. The rays are then transformed through the 

radome using the transmission coefficients for a plane wave incident an an 

angle Y on a locally planar dielectric slab of thickness t. The rays then exit 

the radome along the same direction as the incident ramp (valid if t/R«l),i.e., 

parallel to the z-axis, slightly displaced vertically, as indicated in the figure. 

The transmission of the rays through the radome is a strong function of the 

polarization of the wave relative to the plane of incidence, which is defined 

as the plane containing the normal to the surface and the direction of incidence. 

If we assume the incident polarization is in the x-direction, we observe from 

Fig. II-l that the field separates into two orthogonal components: E^, which 

is parallel to the plane of incidence, and E , which is perpendicular to the 

plane of incidence. Thus in terms of the cylindrical coordinates (p, #, z) the 

exit field over the aperture just outside the radome takes the form 
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-a = E0(P)cosi>Tíl(»)e''i*,*)P 

- Eo(p)sin<T'1'(í)e‘'ií<',,í' 
(II-l) 

A 

v/here T (« is the transmisaion coefficient for plane wave incident on a 

d,electric .lab of thickness t at an angle of incidence ï. and similarly for 

T m, the transmission coefficient for waves normally polarised to the piane 

Of incidence. The effective phase shift, *(»|. accounting for propagation 

through the radome, is easily shown to be 

= k tcosY 
o (II-2) 

The angle »is related to the aperture coordinate p via the relation 

P = (R + t) sinY 
(II-3) 

The transmission coefficients T%) ,„d x'f») are given in Appendix HI. i.e., 

Eg. (III-l) thru E,. (111-4,, With 6 replaced b» T. F„r the len8 antennai tha’ 

incident field Eo(p) is readily determined from the primary feed pattern as 

follows: The distribution inside the radome is given by Eo<,>. „here 

X = Ftanv = RsinY 

E°M iS ,hus readily °b‘ai”0d from the feed pattern which is measured as a 

function of ,. After ray tracing through the radome. the ray emanates at 

slightly increased height p, given by 
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p = (R + t) sinY = ( 1 ) X 

Eo(x) then becomes E^(p) outside the radome, and is modified by the proper 

transmission coefficients and phase delay as indicated in (II-l) to give the 

aperture distribution. 

It is convenient to rewrite Eq. (II-l) in the abreviated form 

whe re 

E (p, $ ) = E (p)cosip - E (p)sin0^ 
a p 0 

E (p) = E (p)TlÍ(Y)e"j$(¥) 
P o 

E (p) = E (p)TX(Y)e*j*(y) 
9 O 

(II-4) 

(II- 51 

(II-6) 

where V is assumed a function of p by virtue of Eq. (II-3). The far-field pat¬ 

tern can then be determined from the Fourier transform or the aperture 

distribution, 

E (p',í')e+’**tX'S^n^Cos^ e+^^'3Ín^9Ín^dz'dy' (11-71 

where A represents the area of the circular aperture. The far-field compo 

5 
nents E^, E^ are then given by 

ike_jkr r 1 
= “a- (1 + COS0) N cos^ + N sin^ 

0 4iTr Lx y J (II- B) 
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P - tV (1 +cos0) [Nxsin^ - Nycos#J 

-jkn 

(II-9) 

The components are readily determined if we utilize the unit vector 

transformation 

A A /y 
p = xcos^ + ysin¿ 

A . A % 
¢=- sin^ic + cos^y 

(11-10) 

(II-ll) 

Then, after some combination of terms, and transforming x', y' to cylin¬ 

drical coordinates (P',01), we obtain 

and 

2n a 

Nx = \ JYp,,dp.[Ep(,, + E/,^kP — 

o o 

2ir a 

f iP'dO'dP' cos2^ [Ep(P'| . E)|(p')]e+jkP'sinecos(l‘-#) 

o "5 

2tt a 

N //' 
0 0 

p'd^'dp' cos^’sin^' [e^p1) - E^(p')Je +jkplsin0cos(^-i' ) 

(11-13) 

The integration on <p' can be performed using the identity’ 
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+jacos(0-0') 
(11-14) 

n=-oo 

where J (a) is the conventional Bessel function of order n and argument a. 
n 

Using (11-14) in (11-13), we obtain, after simplification 

Nx = ’"Fop + Fo;-,,cos2<[F¿p-Fz(.] 
(11-15) 

N = trsinZ^ 
y [F* * fzp] 

(11-16) 

where we have defined 

Ve" = 

a 

/-• (kp'sinG) Epíp'íp'dp' (11-17) 

F0Plt) = 

CL 

/-• 
(kp1 sinG) E (p’tp'dp1 

9 
(11-18) 

F (0) = Í J (kP'sinO) E (p' )p ’dp’ 
¿P I 2 P 

(11-19) 

and 
a 

Ve» =/J J2(kp'sinO) E^iP’lP’dp' (II-ZO) 

Substituting (11-15) and (11-16) into the expressions for E and E , we fin- 
c y 

ally obtain, after considerable manipulation 
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Ee = ÍiS—+ <u-21) 

E, = ~Ík4r [<Fop + V - ,FZP - F2pI] (II-22) 

The two principal plane patterns are then readily determined. For the E- 

plane pattern (0 = 0): E = 0), 

Ee ’ a+cos6) [(F0p + r0J + (F2)l - F2p)] (11-23) 

For the H-plane pattern (0 = tt/2): E = 0, 
0 

E 
0 4r 

(1+COS0) V- (F2P- V (11-24) 

Hence, due to the radome, the two principal plane patterns will no longer 

be identical. 

Cross-Polarization Component 

The comparison of the measured and calculated cross-polarized far-field 

patterns necessitates that the two respective coordinate systems be related. 

This is illustrated in Fig. II-2 where the measured system is denoted by 

(x'iy'.z1) and the system used for calculations by (x,y,x). We define the 

dominant polarization according to 

DP = DOMINANT POLARIZATION = 0’ • E (11-25) 

CP = CROSS POLARIZATION = • E (11-26) 
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It thus remains to express DP and CP in terms of (r, 6, p) and (0 and $. 

To accomplish this, consider the expressions for the two radial unit vectors in 

in each system: 

r= sinGcos^x + sinGsin^y + zcosG (11-27) 

= sine'cos^' X' + sinG'sin<i»'y' + z'cosG1 (11-28) 

However r= r'and from Fig. II-2, x = z', y = x, z = y.' Equating the 

respective components, then, we obtain 

sinGcos^ = COS0' (11-29) 

sinGsin^ = sinG'cos^' (11-30) 

cosG = sinG'sin^' (11-31) 

Alternately, using (11-30) and (11-31) 

tan^' = ctnG/sin^ (11-32) 

Using the technique employed in Ref. 6, we equate the gradients in each 

system, i. e. , 

V'(cosG') = 7(sin0cos0) 

V'(tan0') = 7(ctn0/sin0) 

Equation (11-33) then leads to 

(11-33) 

(11-34) 

0' 
cos 6cos0 
/.—7 

y 1 - s m 
2 

Geos p 

A 

0 + 
sind 

/ 2 2 
vl-sin Geos p 

(11-35) 

and Eq. (11-34) leads to 



A 

= 
•sin0 

/, “ZQ-T 
V l-sin Geos 0 

A e - COS0COS0 A 

T" ? ¿ 
Vl-sin Gcos 

(11-36) 

Thus the expressions for the measured dominant and cross-polarized com¬ 

ponents of the radiation pattern can now be expressed in terms of the com¬ 

puted fields EQ(e, *), E^(e, 0) using (11-25) and (11-26): 

DP -COS 0COS0 
/, . 2 -T~ 

V 1-sin Gcos $ 
E + 

sin^ y i- • sin Gcos 0 
(11-37) 

-sin^E 
CP = 

V 1-sin ©cos ^ 

cos6cos¿ 
. 2 2 

sin ©cos 0 
(11-38) 

We observe that CP = 0 along the two principal planes, ¢ = 0 and 0 = it/2 as 

expected. The cross-polarized term is maximum in the plane 0 = it/4, as can 

readily be seen using (11-21) and (11-23) in (11-38), and noting that the maxi¬ 

mum of sinpcos^ occurs at 0 = tt/4. 
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Fig. II-l. Transit of the incident polarization through the radome. 
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CIRCULAR APERTURE 
IN z = 0 PLANE 

11-2 Measured (n , o', (J)') and calculated (n, o, ¢) coordinate systems. 
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Appendix III 

Transmission Through a Spherical Radome, Geometric 
Optics Approach 

The total loss of power due to the radome may be approximately 

estimated by adding up the loss of energy associated with each ray leaving 

the aperture of the antenna and striking the radome. Because of the curva¬ 

ture of the radome, the rays strike at various angles of incidence, and thus 

have different transmission coefficients. The basic formulas used are those 

for plane waves mcldent on flat homogeneous dielectric sheets--it is assumed 

that locally the radome acts like a plane sheet, an approximation that should 

be valid if the radius of curvature is large compared to the wavelength. The 

7 
formula used applies for the low-loss case: (tan6<<l). 

(III-l) 

Two cases must be distinguished, that for the electric field polarized 

parallel to and normal to the plane of incidence. For the former, 

(parallel) r r 
/- /e -sin e + £ cosP 

Vc c 

and for the latter, 
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r (normal) 

cose /v 
. 2 sm e 

N /v cosO + t -sin e 

Also 

xr - (2irtJ /E -sin 
^ b 6 ' ^ c 

/: e/\ ) 
O' 

(III-3) 

(III-4 ) 

where 

Ec = ~ <l - jtanó) 
o 

P = angle of incidence 

d = thickness of dielectric sheet 

We now consider a plane circular aperture inside a spherical radome of 

radius R, with its axis along a diameter of the radome. The rays from the 

aperture are assumed to be collimated into a parallel beam and strike the 

radome at angles of incidence P, where R sinP is the distance p of the aper¬ 

ture point from the axis of the aperture as shown in Fig. (III-l). For con¬ 

venience, we assume the amplitude distribution in the aperture is circular¬ 

ly symmetric and may be expressed as a function of 0, F(0). The aperture 

field is also assumed to be polarized in the x-direction, so the parallel 

polarization component of the general ray striking the radome is proportional 

the cosí, and the normal polarization component proportional to sin?, where 
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d is the azimuthal coordinate measured from the x-axis, in the x-y plane. 

In the absence of the radome, the peak gain would be proportional to 

(III- 5 ) 

In the presence of the radome, the peak gain for the wave polarized in the 

x-direction is 

(ii:-6) 

The t- dependence may be integrated directly so 

e 
?ax T (e) + t (G) 

( F(e)sine -2--- de 

G_ 
G 

0 
e 
max 

F(0)sin0de 

that 

2 

(HI-7) 

The transmission loss through a flat homogeneous dielectric panel 

is minimized when the thickness is a multiple of a half-wavelength in the 

dielectric medium. For the curved radome, an optimum thickness for any 

given frequency is also obtained, although the variation in transmission loss 
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with thickness is less than for the flat plate, because the optimum thickness 

varies with incidence angle. Thus even for a lossless dielectric, zero reflec 

tion cannot bt ach-*C:ved with a uniform radome thickness because the optimum 

thickness is a function of angle of incidence and of frequency. Figure III-2 

shows a typical calculation of the transmission loss (i. e. , G/Go in dB) for 

a spherical radome vs radome thickness at a frequency of 37 GHz. The 

material was assumed to have tic - 4. 5, tanò = 0. 01, typical of Pyrex 
o 

glass. For convenience in integration, the amplitude taper was assumed to 

be f(0) = cos6e, with P = 45°, corresponding to an 18-dB edge taper. 
max 

typical of what might be expected from a low sidelobe antenna design. This 

value of P corresponds to an 18-inch antenna inside a radome of inner 
max 

diameter 25. 5 inches. The arrows on the curve indicate the thickness for 

maximum transmission, assuming normal incidence on a planar dielectric having 

the same thickness as the radome, i.e., d ■ nX/(2i/e^), where n is an Integer. 

Thus optimizing thickness, including the effect of the curvature of the ra¬ 

dome, yields approximately .2 dB increase in gain. 
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Fig. III-l. Plane Aperture inside spherical radome. 
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