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Analysis of a Two-Dimensional Radome of 
Arbitrarily Curved Surface 

Abstract-The transmission effect of a dielectric shell on electromag- 
netic radiation is analyzed by modal cylindrical-wave spectrum tech- 
nique. This method takes into consideration the curvature effect, which 
is generally ignored in classical approaches such as the ray method and 
the plane-wave spectrum analysis. 

I. INTRODUCTION 

HE EFFECT OF a dielectric layer on the penetration of T electromagnetic waves is always an interesting subject 
which finds many applications such as in the study of the 
performance of a radar antenna enclosed by radome. A 
radome is a dielectric shell used to protect the radar from 
water, sun, wind, etc. The presence of the radome, however, 
inevitably distorts the radiation pattern of the radar antenna, 
which causes a shift in the radar's beampointing angle. In 
addition, part of the radiation energy is lost as a consequence 
of scattering of the wave from the radome surface. The 
difference between the apparent and the distorted beam direc- 
tions and the loss of peak gain are called the boresight error 
and the peak-gain attenuation, respectively, which are of 
greatest concern in the traditional radome design. 

A precise analysis of radome performance is difficult, and 
nearly impossible in practice, because the general shape of a 
radome layer does not fit into the frame suitable for exact 
analysis. One must therefore resort to some approximation 
methods. The basic principle of approximation is to find a 
canonical configuration to approximate the surface of the 
dielectric layer locally, which can be solved rigorously by 
analytic means. The accuracy of the approximation depends 
on how closely the canonical problem resembles the original 
one. Traditional approaches to the problem, notably the 
geometric optics and the plane-wave spectrum (PWS) analy- 
sis [l], are based on the assumption that the shape of the 
layer can be approximated locally by a flat dielectric slab. 
One can thus apply the well-known Fresnel coefficients to 
characterize the wave transmission through the layer. By 
doing so the effect due to the curvature of the layer surface is 
completely ignored. With the modem advance in radar tech- 
nology, however, this factor is likely to be critical in many 
applications, and therefore requires further investigation, es- 
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pecially in the case of layer surface with continuously vary- 
ing surface curvature. 

To account properly for the curvature effect, the rigorous 
analysis of a two-dimensional circular dielectric layer has 
been performed [2], which results in a ray-tracing scheme 
with curvature correction. In this investigation we introduce 
an alternative approach as an extension to treat layers of 
arbitrarily curved surface. In contrast with the plane-wave 
spectrum analysis, we make use of the modal cylindrical-wave 
spectrum. Here we choose to approximate the local layer 
surface as circular and resolve the excitation field into a 
series of modal cylindrical waves. 

In Section I1 we introduce the basic concept of the method 
and the formulation of the problem. The technique is then 
applied in Section III to the analysis of radomes of elliptic 
shape. Numerical results are presented in Section IV. Discus- 
sion and conclusion follow in the last section. 

11. FORMULATION 

The basic concept underlying in the analysis is to represent 
arbitrary primary wave fields as an expansion of a series of 
cylindrical wave constituents, and analyze the effect of trans- 
mission through the dielectric layer for each wave constituent 
separately. At the same time the dielectric layer of interest is 
approximated locally as a circular one. By doing this we 
inherently eliminate the need for curvature compensation 
since the transmission coefficient deduced therein will be 
cylindrical in nature instead of planar, as was always as- 
sumed in the early analysis. 

A .  Field Representation by Modal Cylindrical Waves 
Consider an infinite z-directed current distribution J(p) in 

a cylindrical coordinate system. A harmonic time-dependence 
is assumed and deleted throughout. The problem is 

two-dimensional and the resultant fields are invariant with 
respect to z. 

The electric field due to this current distribution is given as 

E'(p) = 2- 

where p = ( p ,  9), k, denotes the wavenumber in free space 
and Hi1)(  z )  the Hankel function of first kind of order zero. 4 
is the unit vector along z. 

A modal representation of the excitation field, which is 
useful for our purpose, can be derived by making use of the 
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wave HA’’(kp) 
b ~ n ( ’ ) ( p ~ ,  p z )  the transmission coefficient at P,  for incoming 

cos n ( 4  - +‘)J(p’) dS‘ ( 2 )  

where eo = 1, E, = 2 for n # 0, J , (x )  is the Beisel func- 
tion of order n ,  and p , , p < denote respectively the greater 
and the lesser of p and p’. Physically, this representation H - 0 

of modal cylindrical waves of various orders, emanated from 

+ R yp ( ko P 2  ) 1 
x ~ ~ ~ ) ( k , p ’ ) c o s  n ( 4  - ~ ’ ) J ( P ’ )  d f ,  

- ik  OD 

E , /  ,[ T,(l)HA1)’( k O p 2 )  + HA2”( k O p 2 )  
expresses the excitation fields at a point P as superposition ’- 8 n = O  s 

some arbitrary reference point 0. +R‘,)Hp‘( k O P 2 ) ]  
This expression will be employed in the following to 

represent the excitation field due to the source of radiation 
enclosed by a dielectric shell. 

x H,?(k0p2)cosn(4 - 4’)J(p’ )  ds’, 

P’ > P 2 .  (3b) 

B. Transmission Eflect due to the Dielectric Layer The transmission and reflection coefficients are derived 
from the rigorous analysis of a circular layer, as given in P I .  Fig. depicts the situation where the antenna represented 

by a current distribution is enclosed by a dielectric shell. The 
shell has dielectric constant E and uniform thickness d .  The 
surface of the shell is sufficiently smooth such that at each 
point P, on the surface we are able to locate the center of the 
curvature 0,, as shown in the figure. We can therefore 
approximate the dielectric shell in the vicinity of the point of 
interest PI  by a local circular layer. 

Next we represent the primary field as a series of modal 
cylindrical waves expanded at the center of curvature 0, 
corresponding to the local circular layer at P I ,  as given by 
(2). Notice that for p < p’ we have modal excitation fields of 
standing-wave type represented by J,( kp). These, however, 

C. Evaluation of the Radiation Fields 
From (3a) and (3b) the equivalent electric and magnetic 

currents at P2 on the surface are given, respectively, as 
J, = fi x H and M, = E x fi, where fi is the outward nor- 
mal from the surface.. Once these currents are known, then 
by equivalence principle the radiation fields transmitting 
through the dielectric shell can be derived by means of 
surface integration [4]. 

The integration is taken over a closed surface which en- 
closes the radome. In practice, only the major part of the 
surface illuminated by the antenna suffices. 

can be decomposed into traveling wave components by means III. NUMERICAL RESULTS FOR RADOME APPLICATION 
of the relation J,( ko p )  = +[Hi’ ) (  ko p )  + HA2’( k ,  p ) ] ,  where 
according to our convention H,?( kop)  represents the outgo- 
ing wave whereas HA2’( K o p )  represents the wave traveling 
toward the center of curvature. 

account the transmission and reflection characteristics for 
each cylindrical wave constituent. To this end let 

Major quantities which are most concerned in radome 
analysis are the boresight error and the peak-gain attenuation, 
defined, respectively, as the deviation of the antenna main 
beam from its apparent look angle and the power lost in the 

specifically the radome wall of elliptical shape which has 
continuously varying curvature along the surface. The geom- 

To evaluate the affected by the we take into direction of the main beam. In this investigation we consider 

Tn(l)(p1, p 2 )  the transmission coefficient at P,  for outgoing 
wave H;”(kp)  

etry is shown in Fig. 2, where the outer surface is chosen to 
be elliptical, with long axis b and short axis a. Fig. 3 shows 
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Fig. 2. Geometry of elliptic radome. 
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Fig. 3. Comparison of boresight error and peak-gain attenuation of elliptic 
radome derived by plane-wave spectrum and model cylindrical-wave 
spectrum analysis. 

the boresight error and peak-gain attenuation calculated for 
various thickness d of the layer with L = 5 A,,, D = (10/3) 
A,,, a = 10 A,, and b = 20 A,,. The current distribution is 
assumed to be uniform. The boresight error, as well as the 
peak-gain attenuation, increase as d. As d increases further, 
the method loses its property of locality and it might become 
inapplicable. 

The numerical program has been carefully checked to 
ensure its validity before we proceed to assess the radome 
performance. As examples we calculate the boresight errors 
of radomes for different radome parameters and source distri- 
bution, but with the dielectric constants set to that of free 
space. In such cases the radome should have no effect on the 
radiation fields. As shown in our calculation this is indeed the 
case; both the boresight error and the peak-gain attenuation 
are well within the range of error of tolerance incurred in the 
numerical computations. 

1 
. I 

A.  Comparison with the Results by Plane- Wave Spectrum 
Analysis 

As a comparison we include in Fig. 3 the results obtained 
by plane-wave spectrum analysis [5].  Notice that the bore- 

sight error deviates appreciably though it follows that ob- 
tained by PWS analysis. Apparent discrepancy exists, how- 
ever, between the two as regards the peak-gain attenuation 
calculation. 

IV. CONCLUSION 

The shape and the thickness of the radome layer are two 
major factors that influence the radome performance, such as 
the boresight error and the peak-gain attenuation. Since few 
experimental results have appeared in the open literature, it is 
not easy to conclude how the curvature effect influences these 
quantities. As compared to the results obtained for an elliptic 
radome by plane-wave spectrum analysis, there is significant 
deviation between the two methods, which reflects the fact 
that the radome surface in the elliptic case varies in a 
continuous, more sophisticated manner. It is generally be- 
lieved that the curvature effect should become an important 
factor in assessing the radome performance, and needs to be 
seriously considered in case the random surface has large 
curvature variation. 

The method of cylindrical-wave spectrum should provide 
more accurate results than those obtained by conventional 
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teChniClUeS because this method includes essentiallv the curva- [3] I. S .  Gradshteyn and I. M. Ryzhik, Table ofzntegrak, Series, and 
~~ 

Products. 

York: McGraw-Hill, 1961, p. 130. 

New York: Academic, 1980, p. 979. 
[4] R. F. Harrington, Time Harmonic Electromagnetic Fields. New 

ture influence inherently. It is only in the aspect of the 
efficiency of numerical computation that it compares unfavor- 
ably with previous ones. For radomes with a sufficiently flat 
surface the curvature effect may not be significant, and PWS, 
for instance, should offer reasonable good answer. As a 

[5] J. C. Jeng, “Electromagnetic transmission effect through a dielectric 
shell,” M.S. thesis, Dept. Commun. Eng., Nat. Chiao Tung Univ., 
Taiwan, Republic of China, pp. 47-48, July 1985. 

compromise between the accuracy and computation effi- 
ciency, a hybrid scheme can be adopted which employs PWS 
in regions of small curvature and our approach otherwise. 

In this paper we introduced the method of modal cylindri- 
cal-wave spectrum and applied it to the analysis of a two-di- 
mensional elliptic radome. The method is essentially an 
extension of the plane-wave spectrum technique and provides 
an analytic means for studying phenomena of wave transmis- 
sion through arbitrarily curved surfaces of dielectric layers. 
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