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A Fast Algorithm Based on Volume Integral
Equation for Analysis of Arbitrarily
Shaped Dielectric Radomes

Cai-Cheng Ly Senior Member, IEEE

Abstract—The volume integral equation (VIE) combined with ~ sized radomes because these methods have either high compu-
the multilevel fast multipole algorithm (MLFMA) is applied to an-  tational complexity (e.g., MoM), or the number of unknowns in-
alyze antenna radiation in the presence of dielectric radomes. In creases rapidly with the increase of the radome size (e.g., FEM

solving the VIE, the radome is modeled by small volume cells of L . T . .
tetrahedron or hexahedron shape so that three-dimensional (3-D) needs to mesh the volume region including the air-filled interior

complex radomes can be modeled accurately. When the induced Of the radome).

volume current is determined by the method of moments, the total ~ This paper presents a method that applies the multilevel fast
radiation is calculated by adding the induced current radiation to  multipole algorithm to solve the volume integral equations
that of the antenna in the absence of the radome. The application of (VIE) so that radiation and scattering problems involving elec-

MLFMA reduced the computational complexity to a lower order - . .
and hence electrically large-sized radomes are analyzed. Numer- trically large object can be solved. The method is based on the

ical results are compared with the analytical solution for spher- Volume integral equation approach, and the increased solution
ical shells with dipole array as excitations. The radiation patterns capability is due to the application of the multilevel-fast mul-

of dipole arrays in the presence of ogive, cone, and hemispheretipole algorithm. Though the VIE has been studied previously

radomes are also presented. and applied to a number of problems by several investigators
Index Terms—Antenna radome, electromagnetic scattering, fast [5]-[7], the applications of these studies are limited to electri-
algorithm, integral equation. cally small dielectrics due to the high computational complexity

in solving the resultant matrix equation. In order to increase the
object size that can be solved by the VIE, one way is to reduce
) the computational complexity. As shown in the next section, the
HE PRESENCE of radome will generally affect the raditormuylation of the VIE used the Green'’s function for the back-
ation characteristics of antennas due to the radiation of iground medium, and the electrical field VIE is similar to that of
duced current on the radome. An important problem associaigd electric field surface integral equation (SIE) (except for the
with the presence of radome is the antenna bgam pointing eft@bgration domain), hence, applying MLFMA is similar to the
caused by radome. Hence, accurately analyzing beam deforfjgslementation of the algorithm to SIE. The similarity is that
tion by radome can help design engineers to compensate phgggne same group size, the operation counts of well-separated
shift in the array elements to correct the errors. Techniques faferactions for VIE case and SIE case are essentially the same.
quency methods (such as GTD and PO [1]-{4]) because fgar-neighbor interactions. In general, the number of elements
size of a realistic radome is often electrically large. A fundap g group of volume cells is larger than that in a group of
mental assumption for the high frequency methods is that thgrface patches. This will be discussed further in Section Ill. It
radome surface is large and smooth, and has electrically la&ggyyid be pointed out that a similar approach based on the SIE
radius of curvature. This assumption is valid for the majority gjelectrics is also possible. In general, the SIE produces less
portion of any realistic radomes. However for some radomggmper of unknowns for homogeneous dielectrics. However
that contain surface discontinuities such as the tip portion §fe numbers of unknowns are of the same order for thin and
an ogive radome, the solutions predicted by a high frequengyered medium such as those in the radomes. In addition, the
method alone are usually not accurate. On the other hand, {h& can be applied to inhomogeneous dielectric.
full-wave methods such as the finite-element method (FEM) as a remark, in general the antenna’s current distribution will
and the method of moments (MoM) provide much higher solyjso e affected when it is placed inside a radome [20]. Though
tion accuracy compared to that by the high-frequency methogge method presented in this paper can be extended to calculate
However, these full-wave methods apply to electrically smalihe antenna’s current distribution after the radome is introduced,
this paper is limited to a special case where the excitation is
Manuscript received January 9, 2001, revised November 16, 2001. This W(‘S"rkShort dipole or dipole array. Henlce' the _p”mar.y f'elq Is not
was supported in part by an award from the Office of Naval Research by Graffected by the radome. The following sections will outline the
N00014-00-1-0605. _ o __ formulation of the problem and presents numerical simulation
The author is with the Department of Electrical Engineering, University of . . . .
Kentucky, Lexington, KY 40506 USA (e-mail: cclu@engr.uky.edu). results. The problem is formed in frequency domain and the time
Digital Object Identifier 10.1109/TAP.2003.809823 factor ofexp{—iwt} is suppressed.

|I. INTRODUCTION

0018-926X/03$17.00 © 2003 IEEE



LU: A FAST ALGORITHM BASED ON VIE 607

Il. FORMULATION

A. The VIE Radome

Consider a dielectric shell of arbitrary shape resides in a ho-
mogeneous background medium of infinite extent wigh 1
as permittivity and permeability parameters, as shown in Fig. 1.
The dielectric has position dependent permittivify). To Sim-  Fig. 1. The cross view of the antenna-radome configuration.
plify the formulation, this paper assumes that the permeability
of the material is a constapt= ;. The source of excitation is
a dipole or dipole array located at a fixed position in the back-
ground medium (it can be inside as well as outside the radome).
It is expected that the presence of the dielectric radome will in
general affect the radiation pattern of the antenna. By equiva-
lence principle, the total radiation is the sum of the antenna’s
primary radiation and the radiation of the induced volume cur-
rent of the dielectric in the background medium, i.e.,
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E(r) = Ei(r) + iwu / G(r, ")y (x") dV’

— (1/7jweb)V/ G(r, o)V - Jy(r)dV" (1)

\4 Fig. 2. The tetrahedron mesh of an ogive-shaped radome.

where V is the radome regionE’ is the antenna’s primary
radiation in the absence of the radoni®,is the total elec- of the two shapes are considered in the implementation of the

tric field, Jyv is the induced volume current in the radomeglgorithm in this paper. An example of the tetrahedron mesh for
G(r, r') = exp{ik,R}/(47R) is the three-dimensional (3-D) an ogive radome is shown in Fig. 2.
scalar Green’s function for the background medias |[r —r/| ~ To solve the integral equation, the unknown vector
is the distance from a source poiritto a field pointr, and iw<€(r) E(r) is first represented by a set of basis functions
ky, = wy/Eufip is the wavenumber of the background mediunf;, j = 1. 2, ..., N, such that
By writing e(r) = &5, + [e(r) — &3] in Maxwell’'s equations, one N
;?eeigtg;f:s that the volume current is related to the total electric Iy (r) = [ey/e(r) — 1iwe(r)E(r) = x(r) Z a;t;(r) (3)
7j=1

Jv(r) = —iwle(r) —e]E(r) = [ep/e(r) —1]iwe(r)E(r). (2) wherex(r) = ,/¢(r) — 1. The basis function is defined differ-
) . ) ently for different cell shapes. In general a basis funcfipis

In (1), the two integrals on the right-hand side (RHS) represegitineq on two adjacent cell€" and27, that share the same
the radiation from the induced volume current and the Corrgy.a ¢. This paper uses the ejxtendeél RWG function for tetra-
sponding charge. It is this radiation that affects the radiati%droi] mesh [9]. Following the MoM steps as described in [9],
pattern of th_e gntenna. In other words, (1) allows us to calcgl ie;L]—[13], the integral equation (1) can be converted into a ma-
the true radiation pattern for the antenna-radome system if fa& "o ation that can be solved for the expansion coefficients
mdqged current is determined. It should b_e p_omted out that tgjes_ The matrix elements are given by

position vector in (1) can be at any location in space. Hence,

if the field pointr is restricted in the radome regidf, then an _ f; - f; A '

integral equation foE or Jv; is formed from which eitheE or A /Q iwe(r) v + o fi- (iwA; = Ve;)dV (4)
Jv can be solved. This integral equation is called the VIE be-

cause the unknown function is varying in a volume region. Where

B. Discretization of the VIE Aj(r) = /Q G(r, v')x(x")f;(x") aV’ (5)

The MoM has been applied to solve the VIE [8]-[12]. In ap- )
plying a subdomain MoMs, one needs to subdivide the dielec- 0;j(r) = (1/iwes) / G(r, v )V [x(x') £;(x")] dV". (6)
tric region into small volume cells. Previous studies used cubic I
model [8], [10], [11], as well as tetrahedron models [9], [12)wWhile the discretization of the VIE into matrix equation is a
The conjugate gradient fast Fourier transform (CGFFT) [1G3fraight-forward MoM approach, two issues specific to VIE
[11] algorithm can be easily implemented using the structuregeds to be pointed out.
cubic model. However, it is not accurate in modeling structuresThe first issue is the selection of unknown function. Using
with curved boundaries. The geometric modeling error resultstime induced volume curredt, as the unknown function has an
large solution error if the dielectric contrast is high. On the othedvantage that the integral kernel will not depend on the mate-
hand, the tetrahedron shape and hexahedron shape are suit&@dlparameter. In this paper, however, we ugedE as the un-
for modeling arbitrarily shaped dielectric structures. Hence bakinown function [the volume current is related to this function

7
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via (3)]. This is to ensure the continuity of the normal compo- Auxiliary
nent of electric flux densitd, since the roof-top basis functions C/‘\a"s
automatically satisfy this condition. Because of this selection, v
the vectorV,,; (k) [see (14)] is no longer related ¥ f,,,; (k)

via a complex conjugate operation. Moreover, if the permittivi-
ties in the two adjacent cells are different, and hepeee dif-
ferent, then there will be a discontinuity in the normal compo- —
nent of the volume curredt, sinceJy (r) = x(r) iwe(r)E(r), h
and the nor,mal component m‘;e(r.)E('r) IS COI?]'FII‘]UOUS e}cross Fig. 3. Cells in dielectrics (shaded) and auxiliary cells (unshaded). The
the dielectric interface. The continuity condition requires tha{xiliary cells are introduced to terminate the mesh (the dimenida

a charge distribution be introduced to account for the discondibitrary and has been taken to be zero in the numerical implementation).

nuity in Jy. It can be shown [16], [9] that the induced surface

charge is proportional toy; — x;) the difference in the per- py for example, taking the limit of — 0. This is possible be-
mittivities of the two volume cells. This does not lead to adsayse there is no restriction on the size of the auxiliary cell as
ditional number of degrees of freedom (i.e., the charge is 3§ng as it shares a face with a cell in the dielectric region. As
sociated with the current). In fact, for piece-wise continuQus 5 yesult, a boundary basis function that is originally associated
among the cells, the integral associated to the electric potenigdh a dielectric cell and an auxiliary cell now is defined on the
in (6) can be written as dielectric cell only. This basis function is called a “half’ basis
function since it is associated with only one cell as compared to
a regular (or full) basis function that is defined on two cells.

Gr, r') - V' (xif;) dV’ = /i X G(r, v )V £ dV’ o
JV; C. Application of MLFMA
+/ G(r,v) [xf —x;]f;-dS". (7) If the matrix equation is solved by an iterative method such
s ! ! as the conjugate gradient (CG) method, the computational com-
lexity for performing a matrix vector multiplication 3(N?)

) . . . 8F an N-unknown problem. Apparently, because of this com-
of the two adjacent cells. As is expected, if the two adjacerexity, both memory requirement and CPU time can become

ce::s Tﬁve :L]e sarr_“abpermlttl\tnt)r/], Ieadmgt;c]o Fh? sfamer_lpr:)th b rohibitively high whenV is large. Hence direct solution by an
rCe SI’ti er: erl(JatWiln c?t?ogehc zrgr? 3\r/]ilt im E;%ﬁ?' neg f%’eerative solver for the set of linear equations is not possible for
esult1s also obtained by schaubert, on, a sson 9] gfectrically large radomes. This is the mostimportant reason that

theé)tet;]ahe?]ronhcel(ljs._f he induced vol s ch previous studies of dielectric scattering problems by MoM are
bnt_efot et'f an thl t e|n.|.uce r\:o ume curtr.ﬁm.stc gsendlimited to small-sized structures. However the above-mentioned

315 _af"sf uncblotns, et\rI\VaUX|||ary ¢ "’Illrgte m“t? ebln rod uce (ﬂnplexity for a matrix vector multiplication can be reduced to a

'€ Interface between two volume cetis 1o sa isfy boundary “98wer order if the multilevel fast multipole algorithm (MLFMA)
dition. The author is not aware of any published papers that dgal, |, eq The MLFMA [16]—[19] is the multilevel imple-
W|th this acjdmonal charge. But this is not a problem 'f,pms?nentation of the fast multipole method (FMM) [14], [15] that
basis funcuons_are used to expand the unknown funcllpn was first used to solve wave scattering problems by Rokhlin.
Most Of_ the earlier papers on VIE used pulse bas!s fu_ncuon a‘ﬂﬁe principle of FMM is based on the addition theorem for
henge itis natural to usky as the unknown function in thosespherical harmonics. The FMM and MLFMA have been applied
stlﬁ:es. ther i is th ht ton. | I th to solving electromagnetic wave scattering problems for con-
) € otherissue s tne mesh truncation. In generay, the Vec&?fcting objects. If the SIE for conducting objects and the VIE
iweE can be nonzero in the entire background media. Henc

: to extend th hinto the whol 4 4} dielectrics are compared, one finds that the two equations
IS necessary to extend the mesn Into the whole space. Howe ?é’very similar except for the domain of integration. As a result,

JvE
J

In (7), the second integral on the RHS is over the common f

dielectric material region are used to represent the induced cys
rentJy (because(r) = 0 if r is outside the dielectric region).
Therefore the mesh should be truncated such that only th
volume cells that are either inside the dielectric region or ha

me modifications. The following presents the process to im-
lement FMM with focus on the application to solving VIE. For
S&iven testing function, all the basis functions can be classified

direct contact with the dielectri | tained. Th o two categories based on the distance between the testing
Irect contact wi € dieleclric volume are retained. The i, otion and the basis function: one as near-neighbor elements

that does not belong to the dielectric region but has direct COMIN) and one as well-separated, or far-field (FF) elements. As a
tact with a cell inside the dielectric region is called an auxiliary ’

- . - . esult, a matrix-vector multiplication is written as a sum of two
cell, as shown in Fig. 3. The existence of auxiliary cells mtroL—
duces several difficulties: 1) it extends the source integration in
(5) and (6), and the field integration in (4) to beyond the true di- P o o

electric object; 2) it increases the computation time because of zj: Zig Z Zigti + Z 71505 ®

the extra integral regions; 3) it needs extra mesh generating task

which may not always be possible. As a result, in practical inf-he near-neighbor elements are calculated directly using (4) and

plementation of the algorithm, the auxiliary cells are eliminateare stored in a sparse matrix. For far-field matrix elements, an

JENN JEFF
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alternative form of the integral operator is used, i.e., the formhere the vector¥ ¢,,,; andV,,; are given by
based on dyadic Green’s function

_ Vi (k) = I—kk) - £ (r)etkok-Gc=rm) gy 14

Zij = iwub/ / fz(r) . (I + ]i,% VV) f ( ) /‘1 ( ) (r)e ! ( )
Vi IVs b 7. T 7.7 / / —ikble-(r’—rn) !
Gl O )V av. @) Vens (k) = A (T RE) - £ 0xE)e dv’.

(15)

Assuming the dielectric region is subdivided iftb small rect-

angular boxes. The basis functions belonging to one box form ] ) ) o
a group. Let basis functiof; belong to group: centered at Though the form of the far-field matrix element in (13) is iden-

7., and testing functior; belong to groupn centered af,,. tical to _that of the SIE case, there are_difference_s in the imple-
Then, the source to field vectdt — 7 — 7' can be written as Mentations for VIE and SIE cases. F_|rst of all, in the case _of
r—1' = (r—1m)+ (Tt — ) + (rp — ') = d + Ly, Where SIE, V i .andvsn.j are gompleg conjugates to each other if
d = (t—tm)+(tn—1"),aNdEmp = Fm—In. FOr|Lmn| > |d|, the Galerkin's test is apphed.. This allqws oneto storg oply one
the addition theorem can be used to expand the scalar Gre@{'¥ rmi Or V.. However, with material present, as indicated
functionG(r, r') into a multipole expression [15] by the y-factor in (15), these two vectors are no longer related
and storage spaces must be allocated for both of the two vec-
gtkeltmn+d] ik Pheitbdr (], tors. Second, the actual operations for aggregation and disag-
T At +d| | (47)2 / € mn ( ) gregation processes may be different for SIE and VIE. As an
(10) example, let us consider the CPU time needed for the far-field
interactions for three pairs of structures: a) a PEC sphere and a
where dielectric shell of 1 m in radius; b) a PEC sphere and a dielec-
0o tric shell of 2 m radius; and c¢) a radome-shaped PEC surface
T, (k) =Y i@+ DAY (k) P2 (fmn . k) (11) and adielectric shell of the same shape. The detailed parameters
=0 and mesh data are shown in Table I. The comparisons of CPU
times as functions of group sizes are shown in Fig. 4. It can be
h{"(-) is the spherical Hankel function of the first kind, ancseen that the group sizes for minimum number of floating point
Py(+) is the Legendre function of ordérin practical implemen- operations are different for SIE and VIE cases. This can be ex-
tations, the infinite series in (11) is approximated byerms. plained by the fact that for the same group size, the number of
The selection of.. depends on the accuracy desired and refesasis functions in VIE case is generally larger than that for the
ence [15] gives some guidelines on how to choose this trunGE case.
tion parameter. The integral in (10) is over a unit sphere and itFor the shell structured dielectric objects (such as the dielec-
can be numerically evaluated wighintegral nodesQ@ = kyd). tric radome), the number of basis functions within a group is
Using (10), the dyadic Green'’s function can be expressed asproportional to the group sizé&y/M (N is the total number of
1 basis functions). Hence the number of floating point operations
Wiy (T+ -5 VV) G(r, ") and the memory needed to evaluate a matrix-vector multipli-
cation can be shown to b@(N!-5). If the above algorithm is
_ — ki /d2'f€ (T _ fffg) pikvk-drp ('fg) (12) implemented in multilevel, the operation count and memory re-
At quirement will be reduced t®(N log N). The reduced com-
) ) ) R e aa ) putational complexity made it possible for this algorithm to an-
Using the identity of I — kk) = (I—kk) - (I—kk), and noting  51y7e electrically large dielectric structures. The next section
d = (r—ry)+ (r, — 1), we have shows some numerical results for performance validation of the
£(r) - (f B 1%1%) Jilkuld () algorithm and demonstration of the applications.

G(r, ")

=fi(r)- (T — kk) pikk(r—rmm) [1l. NUMERICAL RESULTS
S ~ - g The MLFMA algorithm for solving the VIE has been imple-
Depends on rand k mented using both tetrahedron and hexahedron meshes. In this
xEi () - (T — l%l%) gikok (e —x') section, some numerical examples are presented to validate the
~ ~ - algorithm as well as to demonstrate the application of the algo-
Depends on ¢’ and k rithm for analyzing the radiation patterns of dipoles in radomes.

As aresult, the dyadic Green’s function has been written as suftf. validation, we compare the radiation patterns calculated by

mation, in which each term consists of two factors, one depenta.és algorithm with analytical solution and SIE solution. In all
onr, and the other depends @h Substituting (12) into (9), Fhe examples, the radiation patterns are normalized by the value

the impedance matrix element corresponding to WeII-separafﬁdhe maX|mum rad|at|oq dlrectlorj. o )

testing and basis functions can be written as The first example considers a dipole array inside a spherical
dielectric shell, for which the analytical solution is available.

—nuky The shell’s inner and outer radii are 2.4, and 2.47 m, respec-

L — 2 7. . A~ A~ . . A-
Zij = (4r)2 /d KV fmi (k) Lon (k) Van (k) (13) tively, and the dielectric permittivity is,, = 2 + 1i. A linear
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TABLE |

THE GEOMETRY AND MESH PARAMETERS FORTHREE SURFACE AND THREE SHELL STRUCTURESUSED TO SIMULATE CPU TiIME OF FAR-FIELD
INTERACTION FOR ATWO-LEVEL MLFMA

Mesh ters
Geometry Description il ol
# Patch/Cell | # Unknowns
Surface: Radius=1m 1350 2700
Sehere 1 g ell: Radius=Im, 1350 5400
thickness=0.1m
Surface: Radius = 2m 5400 10800
Sphere 2 Shell: Radius=2m 5400 21600
Thickness=0.1m
Sur.face: Paraboli.c, base 7500 14900
Radome radius=0.2m, Height=0.2m
Save shape as surface,
7500 30100
thickness=0.06m
- . . . » . . 0 .
3
S g st f/\\ ]
'é % ::_, s
x E-10t /¢ ]
8 =
z 2 1l o
X SIE,Sphere, R=1'm Nspf OeveRedme |
< . VIE, Shell, R=1 m g | ,
x o  SIE,Sphere, R=2 m g 0l { Dipo |
95, o VIE, Shell, R=2 m z 1. S 1
g * SIE,(radome:face) VIE
% o VIE (Radome: shell) 25 . ) ) ; " : ]
. ‘ ‘ x . : : ; 0 50 100 150 200 250 300 350
02 03 04 05 06 07 08 09 1 ANGLE (deg)

Fig. 4. The CPU time per matrix-vector multiplication (far-field interactio

only) as a function of group size.

GROUP SIZE (IN WAVELE.NGTH)

EXACT
MLFMA
NO RADOME

10+

-15 ¢

20+

251

TOTAL FAR FIELD (V/m)

-30 H

-36

40 L s
0 50

100

ANGLE 6 (DEGREE)
Fig. 5. The radiation pattern of a dipole array in a spherical shell radonbé”‘se radius of 0.8 m, height of 1.75 m, and thickness of 0.07 m.

calculated by (a) MLFMA and (b) the Mie-series. The dipole elements arehe dielectric permittivity i€ + 14. The radiation of a dipole at
uniformly located or:-axis from= = —1.5 mtoz = 1.5 m (as shown by the 2090 MHz in the radome is plotted in Fig. 6. Also shown in the

solid dots inside the circular rings in the figure). The receiver angle is coun
from z-axis. The array’s pattern in the absence of the radome is also showi

a reference.

nFig. 6. The comparison of the normalized radiation pattern efdirected
short dipole in the presence of an ogive dielectric radome calculated by the SIE
method and VIE method. The axis of the radome ig:@xis and the base is on
y—= plane. The horizontal axis of the plot is angléAs a reference, the dipole’s
pattern without the radome is also plotted.

array of 9 short dipoles with equal amplitude and! progres-
sive phase is placed in the shell (they are uniformly distributed
on z-axis fromz = —1.5 mtoz = 1.5 m, and are all oriented
on z-axis). The radiation pattern of the dipole array at 200 MHz
is calculated and shown in Fig. 5. It can be seen that the VIE
solution (marked by MLFMA) agrees well with the analytical
solution. As reference, the array’s radiation in the absence of the
shell is also plotted so that the deformation of the pattern due to
the presence of the radome can be observed.

To further validate the MLFMA accelerated VIE algorithm
for nonspherical radomes, an ogive radome is considered in the
next example. The ogive radome is a body of revolution and has

:ﬁg;éjre are the result from the SIE and the result of the dipole in
free-space. It is seen that the results of VIE and SIE agree well.
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OGIVE CONE HEMISPHERE

| C

T T

HEMISPHERE
OGIVE

PLATE ALONE
PLATE+RADOME | n
DIPOLE ARRAY | I .

LYYYTYYY)

CONE
ARRAY ONLY/|

PATTERN (dB)

NORMALIZED PATTERN (dB)

150 200
ANGLE (DEG)

0 10 20 30 40 50 60 70 80 90
ANGLE (deg) Fig. 8. The radiation pattern of a dipole array in free-space (dash line), over
a conducting plate (solid line), and inside radome closed by a conducting plate
Fig. 7. The comparison of the normalized radiation of a dipole array in tHgotted line).
presence of three types of radome shapes. (a) Ogive shape (dash line). (b)
Straight cone shape (dotted line). (c) Hemisphere shape (dots). The radiation

of the ??rr]ne d:jpole arra¥|in free-SEace is altso pl?tttt?d f?rtreferet?Cﬁ-t(hThe Cr9|$8-element with equal amplitude and equal phase is positioned
View O € raaome proties are snown on top o e plot, In whic e sm [ .
solid dots stand for the dipole elements. Dipoles are orienteedinection.) a_?_r?uarter }Nave_leng;htlilb(;\_/e tlh? pla_te ?rld IS InSI(if th?_ radome.
e array’s axis and the dipole’s orientation areyidirection.
. . The radome base is i plane, and the radome axis is the

In order to compare the interference effects of differenlis the radiation patterns of the array under three configura-
shapes of radome to antenna radiation pattern, the next gns are plotted in Fig. 8. The three configurations are: 1) array
ample shows the calculated results for a dipole array in igqe piate (without radome): 2) array with plate and radome
presence of three types of radomes: a) a tangent ogive radqigg, presented; and 3) array alone (in free-space). As is ex-

with height 6.67\ and base diametes.33)o (modeled by ecteq, the radiations for the three configurations are different
76 914 tetrehedrons); b) a straight cone radome with the sag;

) h ' ignificantly. One can also see from the figure that the radiation
dimension as the ogive (modeled by 55308 tetrahedrons); {Jihe back directiorf(= 180°) is about 30 dB lower compared

a hemisphere radome of base diamei&3\, (modeled by 4 the forward direction. This is apparently due to the presence
45000 tetrahedrons). The thickness and the permittivities gf 1, conducting plate on the radome base. In addition, due to
all three radomes are the sames 0.008)o, & = 2+ 1i. AN 0 interference of the array with the plate and the radome, the
8-element dipole array is placed a quarter wavelength abQ¥fea_obe has increased considerably.

a conducting plate inside the radome (the plate is positionedeiny to demonstrate the advantage of using the MLFMA
at the radome base). The dipole orientations and array axis iev/|e “numerical experiment is performed using a spherical
in the same direction (perpendicular to the radome axis). TRy ectric shell of various thickness and frequencies to measure
calculated radiation patterns fgr = 0 and from 010 90 he yariation of CPU time per iteration and total memory re-
are shown in Fig. 7. As a reference, the radiation pattern of th&irement as functions of the number of unknowns. This simu-
dipole array in free-space is also plotted in the figure. It c3Qon yses a spherical dielectric shell of radius 1 m. The thick-
be seen from this figure that the pattern’s beam-width in the\ss is chosen a51 )\, and dielectric constant B56 + 0.5i.
ogive case and_that in the hemisphere cases are about the Sﬁ*ﬁ'@frequency is varied from 182 MHz to 2.72 GHz (mesh sizes
and both are wider than that in the case of cone shape. Thisi§ 5qjusted to reflect the change in frequency). Fig. 9 shows
due to the curved surface in the radome. The curved surfaggs njots of CPU time per iteration and memory requirement as
result in different phase delay for the rays in different directiog, ,~tions of the number of unknowns (recorded on HP NCX
and hence they have the larger phase disturbance to the rgys,ter). The plots are in log-log scale. It can be seen from
compared to that by the straight/flat structures. It is interesting,, figure that the slops of both curves are very close to unit,

to note that the first side-lobe in the case of cone-shap%icaﬂng theO (N log N) nature of the functions.
radome is only slightly higher than that of the free-space case.

In many realistic applications, the open ends of the dielec-
tric radomes are often terminated by conducting surfaces. To
simulate the dipoles’ radiation in a radome that is terminated A fast algorithm based on the VIE is described for the anal-
by a conducting plate, we consider the cone-shaped radomesis of antenna-radome interaction problems. The algorithm is
described in the earlier example. Since the radome base diamplemented for both tetrahedron and hexahedron meshes, and
eter is5.33)\, a conducting plate of the same diameter is poss applicable to model arbitrarily shaped 3-D radomes. The ap-
tioned at the radome base to close the opening. A dipole argication of the multilevel fast multipole algorithm significantly

IV. SUMMARY
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[6] A. Sadigh and E. Arvas, “Deformation of the horizontal radiation pat-

612
10°}:
) (71
P
%
Q10 8]
= :
=
[0l
10 : L s
10' 10 10°
NUMBER OF UNKNOWNS [10]
(@
g = [11]
@ .
=
5 100 1]
= ;
= N [13]
x 10 }:
(1]
o
< [14]
=
510 [15]
5 : .
10" 10 10°
NUMBER OF UNKNOWNS [16]
(b) [17]
Fig. 9. (a) The memory requirement and (b) CPU time per iteration as

functions of the number of unknowns.

(18]

reduced the memory and CPU time requirement for solving the
VIE, and hence, the algorithm presented in this paper can be apy)
plied to problems with electrically large-sized radome. The nu-
merical results agree well with analytical solutions as well as the
SIE solutions. This algorithm is different from the ray tracing [20]
methods in that it yields highly accurate solution for radomes
that contain small-scale geometric variations such as the sharp
portion of the ogive radome. The algorithm can be applied to
analyze radiation pattern deformation and beam pointing errors
when antennas are located inside the dielectric radomes. This al-
gorithm can also be extended to solving the hybrid volume-sur-
face integral equations from which the radome effect on an-

tennas’ current distribution and input impedance can be det

mined.
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