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Abstract—More accurate hybrid PO-MOM process combining
physical optics (PO) with method of moment (MOM) is employed to
analyze an electrically large antenna-radome structure. The mutual
interactions among the antenna, the inner and outer surfaces of
the radome are considered through a group of associated integral
equations. In the analysis, the antenna surface and the sharp tip part
on the radome surface are modeled accurately by using MOM while the
rest smooth parts on the radome surfaces are approximated by using
PO. Numerical results indicate that the hybrid process presented in
this paper is much more accurate than the conventional PO-MOM
ones.

1. INTRODUCTION
The dielectric radome is usually used to protect the antenna and the
electrical system from various damages and disturbances [1]. However,
the radome also aﬀects the antenna radiation pattern, for the existence
of equivalent electric and magnetic currents on the surface of radome
wall [2]. For an antenna-radome structure, the precise numerical
model can be established by using method of moments (MOM) [3–5].
Unfortunately, the MOM analysis costs so large amount of computer
memory and CPU time that the conventional personal computer can
not accomplish the task, when the electrical size of the radome is
very large, though some accelerating methods could be adopted [6–
8]. Some high frequency techniques are suitable for electrically large
radomes [9, 10] but not accurate for discontinuous structures on the
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radome surfaces. Recently, a hybrid method combining physical optics
(PO) and MOM together, PO-MOM, has been introduced to deal with
the intractable problem and proved to be eﬃcient [11, 12]. However,
the mutual interaction between the antenna and radome was either
ignored [11] or partly ignored [12]. As a result, the numerical results are
not very convincing. In this paper, the more accurate an improved POMOM hybrid process is developed to investigate an electrically large
radome-antenna structure. In the analysis, the antenna and radome
are considered as a whole, so that the integral equations include the
mutual coupling information among the antenna, the inner and outer
surfaces of the radome. The antenna surface and the tip parts of
radome surfaces are modeled as MOM regions, and the rest smooth
parts of the radome surfaces are done as PO regions. In addition, only
the ﬁrst order mutual coupling eﬀects are considered when evaluating
the PO currents by counting the cost of the accuracy and eﬃciency of
the analysis. Numerical results indicate that the more accurate hybrid
PO-MOM process is much more appropriate than the former POMOM methods for the analysis of electrically large antenna-radome
structures, especially for moderate size or complex ones.
2. THEORY AND FORMULATION
2.1. Integral Equation and MOM
Figure 1 shows the geometry of an antenna enclosed in an arbitrary
shape radome. Considering the coupling among the antenna, and the
inner and outer surface of the radome, the electric and magnetic ﬁeld
integral equations can be derived by using Maxwell’s equations and
the boundary conditions on diﬀerent surfaces, that is,
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where E α (J α , M α ) and H α (J α , M α ) represent the electric ﬁeld and the
magnetic ﬁeld, respectively, in the βth region (β = 1, 2, 3) generated




by the corresponding electric current J α and magnetic current M α on
the αth surface (α = 1, 2, 3). Employing the Galerkin’s procedure of
MOM, the above-mentioned integral equations are converted to the
following matrix equation, i.e.,
⎤ ⎡
⎤ ⎡
⎤
⎡
[I1 ]
[V1 ]
[Z11 ] · [Z12 ] · [C12 ] · [Z13 ] · [C13 ]
⎢ [Z21 ] · [Z22 ] · [C22 ] · [Z23 ] · [C23 ] ⎥ ⎢ [I2 ] ⎥ ⎢ [0] ⎥
⎥ ⎢
⎥ ⎢
⎥
⎢
⎢ [D21 ] · [D22 ] · [Y22 ] · [D23 ] · [Y23 ] ⎥ · ⎢ [M2 ] ⎥ = ⎢ [0] ⎥
(6)
⎥ ⎢
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⎥
⎢
⎣ [Z31 ] · [Z32 ] · [C32 ] · [Z33 ] · [C33 ] ⎦ ⎣ [I3 ] ⎦ ⎣ [0] ⎦
[D31 ] · [D32 ] · [Y32 ] · [D33 ] · [Y33 ]
[M3 ]
[0]
where Z, Y , C, D, I, M , V have the same meanings as those in [13], the
subscripts 1, 2 and 3 represent the serial number of the three surfaces
in the MOM model shown in Fig. 1.
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Figure 1. The geometry of an antenna enclosed in an arbitrary shape
radome.
Although the above MOM model is exact in theory for the
antenna-radome structure, it becomes very ineﬃcient in the numerical
computation when the structure size is increasingly large compared to
the operating wavelength. To overcome this diﬃculty while keeping
enough numerical accuracy, the hybrid PO-MOM method combining
PO and MOM together is introduced and improved by considering
more accurately the mutual couplings between the PO regions and
the MOM ones on the boundary surfaces of the structure, not only
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including the eﬀects between the antenna surface and the radome
surfaces but also including those between the MOM regions on the
radome surfaces and the PO regions on them.
2.2. More Accurate Hybrid PO-MOM Process
Considering the accuracy and eﬃciency, the whole antenna surface
and the regions varying sharply on the inner and outer surfaces of
the radome are modeled as MOM regions while the regions varying
smoothly are done as PO regions. As same as in [14], the triangles of
the MOM regions are also grouped by the common edge of two adjacent
triangles, and therefore a pair of adjacent triangles is included in each
group. On the other hand, the triangles of PO regions are grouped
as usual by a single triangle, that is, each group contains only one
triangle.
M oM



M oM

and M α
to be the MOM electric and magnetic
Assume J α
current on the three diﬀerent surfaces of the MOM regions, and
P O

Jα



PO

and M α

the PO regions.

to be the corresponding PO currents on those of
M oM

Jα



M oM

basic functions [14], i.e., J α
NαM oM
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M oM

and M α

=
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Iα,n f α,n and M α
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Mα,n f α,n , where f α,n is deﬁned on the αth surface, NαM oM is the

number of the common edges of the MOM region(s) on the αth surface.
P O

On the other hand, J α



PO

and M α

can be expressed simply by pulse
P O



PO

functions. Strictly, the ingredients of J α and M α must include the
contributions from all MOM currents. However, the analysis shows
that the contribution of the electromagnetic ﬁeld produced by the
M oM

antenna electric current J 1

is the ﬁrst order and main eﬀect, while
M oM

those produced by the MOM currents J 2


M oM



M oM

, M2

M oM

, J3

and

M3
on the inner and outer surfaces of the radome are only the
second or even higher order smaller ones. Consequently, balancing
the computation cost and the accuracy, only the ﬁrst order eﬀect is
considered here in the analysis, and the numerical results in Section 3
will indicate that the approximation is appropriate.
Based on above analysis, the ﬁrst column of sub-matrices in the
impedance matrix of Eq. (6) should be modiﬁed and written in the
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following forms:
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P O and D P O are evaluated by the improved PO-MOM process
Z31
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based on Eqs. (1)–(5). And the ﬁnal results can be expressed by the
following formulas:
PO
= Ω12,1
Z11,mn
PO
Z21,mn
= Ω12,2 + Ω22,2 + Ω23,2

PO
D21,mn
= Θ12,2 + Θ22,2 + Θ23,2

PO
Z31,mn
= Ω22,3 + Ω23,3 + Ω33,3

PO
D31,mn
= Θ22,3 + Θ23,3 + Θ33,3

where
PO

Ωβα,ς

Nα
 c+
 c+ c 
−jωμβ lς,m 



P O P O
=
Sα,k
γ α,k,n · ρ ς,m · Gβ r ς,m , r α,k
8π
k=1





PO

Nα
lς,m 
P O P O
Sα,k
τ α,k,n
+ ρ ς,m · Gβ r ς,m , r α,k +
8π
k=1
 c+
 c+ c 
 c− c 



c−


· ρ ς,m × ∇ Gβ r ς,m , r α,k + ρ ς,m × ∇ Gβ r ς,m , r α,k
(7)
c−

c−

c

PO

Nα
 c+
 c+ c 
−jωεβ lς,m 



β
P O P O
Sα,k
τ α,k,n · ρ ς,m · Gβ r ς,m , r α,k
Θα,ς =
8π
k=1





PO

Nα
lς,m 
P O P O
Sα,k
γ α,k,n
+ ρ ς,m · Gβ r ς,m , r α,k −
8π
k=1
 c+
 c+ c 
 c− c 



c−


· ρ ς,m × ∇ Gβ r ς,m , r α,k + ρ ς,m × ∇ Gβ r ς,m , r α,k
(8)
c−

c−

c


 
In Eq. (7) and Eq. (8), Gβ ( r , r ) = e−jkβ R R is the Green’s
function in βth region, kβ is the wave-number in the corresponding
medium region, lς,m is the length of the mth common edge on the ςth
c+
c−
surface, r ς,m and r ς,m are the centroids of the mth pair of adjacent
c+

c−

triangles, ρ ς,m and ρ ς,m are the vectors between the free vertexes and
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the centroids of the mth pair of adjacent triangles. In addition, NαP O is
PO
the number of the triangles of the PO region on the αth surface, Sα,k
c
is the area of the kth triangle on the αth surface, r α,k is the centroid
P O

P O

of the kth triangle, γ α,k,n and τ α,k,n are the equivalent currents on
kth triangle on the radome produced by the ﬁelds originated from the

source f ς,n on the ςth surface.
Recently, two hybrid PO-MOM approaches for the analysis of the
antenna-radome structure have been reported [11, 12]. In [11], the
sharp tip of the radome is calculated by MOM, while the smooth
part by PO method. Unfortunately, the mutual interaction between
the antenna and the radome is ignored in the analysis, so this kind
of approximation is too rough for a medium size radiation structure.
In [12], the disadvantage in [11] is made up, but another problem is
introduced, that is, the mutual interaction of the sharp tip parts on the
radome surfaces is neglected, which is not appropriate for a complex
radome.
For the above imore accurate hybrid PO-MOM process, the
mutual interactions among the antenna surface, the inner and outer
surface of the radome are all considered in the associated integral
equations (Eqs. (1)–(5)). During the computing process, the sharp
parts of the radome and the antenna are modeled as MOM region to
ensure higher accuracy while the rest smooth parts are dealt with PO
method to increase computational eﬃciency. Therefore, hybrid POMOM process presented in this paper should be more applicable.
3. NUMERICAL RESULTS
As shown in Fig. 2, the radome-antenna structure is composed of a
dipole antenna array and an electrically large dielectric radome. The
radome is a half rotation-ellipsoid shell, with a and b each representing
the half-length of the minor and major semi-axis of its outer surface.
In addition, the major semi-axis of the radome is ﬁxed along the xaxis, and t and εr will be used to show the thickness and the relative
permittivity of the dielectric radome, respectively. The antenna array
considered in the analysis comprises ﬁve center-fed cylindrical dipole
elements, each has the length of 0.47λ and the diameter of 0.0025λ,
being aligned along z direction with the spacing of 0.6λ in between,
wherein λ stands for the working wavelength of the antenna. The
equivalent strip model [15] is employed in the analysis. As shown in
Fig. 2, m deﬁnes the tip depth of the MOM regions on the radome
surfaces, and h is the distance between the radome bottom and the
linear dipole array.
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Figure 2. Geometry of a linear
array enclosed in a half rotationellipsoid radome.
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Figure 3. Comparison of E plane
pattern between the antenna array without radome and with a
transparent radome (εr = 1.0).

Firstly, the validation of the hybrid PO-MOM process in this
paper is presented. Fig. 3 shows the E-plane radiation patterns for the
linear dipole array with a transparent half rotation-ellipsoid radome
(εr = 1.0), wherein a = 5, b = 10, h = 2λ, m = 0.25λ, t = 0.1λ. The
tip part of the radome and the antenna are all selected to be MOM
regions. When the RWG basic function is applied in the MOM region,
the side lengths of the triangle facets on the radome are about 0.1λ, and
those of the antenna are about 0.015λ. For the PO region, the lengths
of the side are about 0.25λ. As seen in Fig. 3, there is good agreement
between the cases of no radome and with a transparent radome. So
the improved hybrid PO-MOM method is accurate enough for such
radiation system.
Figure 4 shows the E-plane radiation patterns for diﬀerent
permittivities of the dielectric radome when h = 2λ, m = 0.25λ and
t = 0.1λ. Fig. 5 shows the E-plane radiation patterns for diﬀerent
thicknesses of the radome when h = 2λ, m = 0.25λ, and εr = 2.5.
The segmentation rules are the same as those in Fig. 3. It can be seen
from the two ﬁgures that the side lobe are aﬀected signiﬁcantly by the
permittivity and the thickness of the semi-rotation-ellipsoid radome.
Compared with the hybrid methods presented in [11] and [12],
the improved hybrid method can present ﬁner result because more
mutual information considered. Fig. 6 shows the comparison of the
hybrid method in this paper with those presented in [11] and [12]. The
antenna and radome structure is shown in Fig. 2, and the detailed
geometrical parameters are the same as those in the example of Fig. 4,
except for εr = 4.2.
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the permittivity of radome.
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the thickness of radome.
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Figure 6. Comparison for E plane patterns derived by diﬀerent hybrid
methods.
It can be seen from Fig. 6 that the ﬁrst side lobe changes
signiﬁcantly for the result of the improved method, while the results
of the other two hybrid methods show little variation.
Furthermore, in the near ﬁeld analysis for the same structure,
hybrid method in this paper shows more obviously diﬀerent results
than those presented in [11] and [12]. Table 1 presents the input
impedances of the antenna array with and without the dielectric
radome. The ﬁve antenna array elements are numbered 1 to 5 along
z-axis. Only the input impedances of the ﬁrst three elements are
considered due to symmetry.
Obvious diﬀerences between the input impedances of the array
with and without the dielectric radome (εr = 2.5, 4.2) are noted in
Table 1. The results of method in [11] show no change compared
with the case of no radome because the mutual interaction between
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Table 1. Comparison for input impedances of diﬀerent hybrid
methods (t= 0.1λ).
The number of elements

1

No Radome

81.24 − j 8.93

95.29 − j 25.49

94.85 − j 10.17

Ref. [11]

81.24 − j 8.93

95.29 − j 25.49

94.85− j 10.17

Ref. [12]

80.56 −j16.89

100.88 − j 29.42

98.19 − j 9.41

This paper

82.66 −j 16.98

103.98 − j 27.65

99.89 − j 7.03

Ref. [11]

81.24 − j 8.93

95.29 − j 25.49

94.85− j10.17

Ref. [12]

76.72 − j 22.71

101.49 − j 38.56

102.71 − j16.18

This paper

80.33 − j 23.20

107.54 − j 36.11

106.59 − j12.05

With Radome
(ε r = 2.5)

With Radome
(ε r = 4.2)

2

3

Table 2. Comparison for eﬃciency of diﬀerent methods.
Method
Ref. [11]
Ref. [12]
This paper

Number of
unknown (MOM)
2000
235
2235

Number of
unknown (PO)
0
41932
82472

CPU time
5 minute 21 s
21 minute 26 s
4 hr. 22 minute 13 s

the antenna and radome is neglected; and the results of method in
this paper present more obvious change than those in [12] because
the associated integral equations (Eqs. (1)–(5)) include more coupling
information.
The comparisons in Fig. 6 and Table 1 indicate that hybrid
PO-MOM method in this paper are more accurate. Therefore, the
more coupling information also consume more computer resources.
Table 2 shows the comparison of diﬀerent methods in computer costs.
Compared with the hybrid methods presented in [11] and [12], hybrid
method in this paper takes much more CPU time and computer
memories, but such costs are worthwhile for the not very large or
complex antenna-radome structure because more coupling information
should be considered.
4. CONCLUSION
In this paper, the more accurate hybrid PO-MOM process is presented,
which is suitable for the analysis of electrically large antenna-radome
structures, especially for moderate size or complex ones. In this
method, the antenna surface and the sharp tip parts on the radome
surfaces are modeled more accurately as the MOM regions, while the
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smooth parts left on the radome surfaces are approximated as the PO
regions. The mutual interactions among the antenna surface, the inner
and outer surface of the radome are all considered through a group
of associated integral equations. Numerical results indicate that the
hybrid PO-MOM method in this paper is much more accurate than
the former PO-MOM ones for antenna-radome structures.
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