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Abstract—A hybridization approach to integrate simulation codes
based on high and low frequency techniques is developed in this paper.
This work allows the antenna design to be performed directly in the
presence of the complex and large structures. Since the sizes of the
complex structures can be extremely large electrically, and the antenna
structure itself can be signiﬁcantly complicated, such problems can
not be resolved with a single technique alone. While low frequency
techniques are generally applied for antenna design problems where
small scale interactions are involved, high frequency techniques are
adopted for the prediction of propagation eﬀects inside the complex
structures. The proposed hybridization approach provides a seamless
integration of low and high frequency techniques that combines the
advantages of both techniques in terms of accuracy and eﬃciency.
Numerical example is presented to demonstrate the utilization of the
proposed approach.

1. INTRODUCTION
The fast growing of wireless communications has spurred increasing
possibility of using antennas under electrically large structures such
as cars or aircrafts. Antennas designed directly in the presence of
these large structures are thus of interest because the overall antenna
performance can be relatively considered. However, the diﬃculty of
antenna analysis and numerical simulation for such cases is drastically
increased since the structure can be extremely large and complex. Note
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that these problems generally involve with the analysis of small scale
electromagnetic (EM) ﬁeld interactions within the antenna structure
and the large scale EM propagation predictions due to the antenna
radiation within the structures. Apparently conventional approaches
of high or low frequency techniques can not be used alone to treat
such antenna design problems, a lot of recent developments have
highlighted the necessity of using hybrid methods [1–3] to solve such
problems. Speciﬁcally, low frequency (LF) techniques such as ﬁnite
element method (FEM) [4], ﬁnite diﬀerence time domain (FDTD) [5]
and method of moment (MoM) [6] have been shown suitable to analyze
the small scale interactions within the antenna structure, but are not
eﬀective to analyze the large scale propagation problems due to the
limitation of computational power. On the other hand, however, high
frequency (HF) techniques [7–9] such as uniform geometrical theory of
diﬀraction (UTD) [7], physical-optics method [10, 11], other diﬀraction
or scattering methods [12–16] are capable of analyzing large scale
propagation problems in the presence of electrically large and complex
structures by using ray tracing techniques, but are not capable of
analyzing the small scale interactions within the antenna because of
the diﬃcult ray tracing to achieve accurate results. Thus an eﬀective
approach to hybridize the high and low frequency techniques and create
an useful tool may signiﬁcantly assist the engineers to resolve this
design problem.
The hybridization of high and low frequency techniques has been
proposed and studied for decades [17–20], with most works dedicated
to either assist HF techniques to increase the accuracy in predicting
the wave propagations within a large structure [17] or to assist LF
techniques in reducing the number of unknowns to be solved [18]. In
particular, most of the works are related to either scattering problems
or radiation problems associated with simple antenna structures (such
as wire antennas [19, 20]). Not much of the works, especially in terms
of publicly available software, can be eﬀectively applied to general
antenna design problems in the presence of electrically large and
complex structures especially when antenna design optimization is
necessary, resulting in a large number of repeated analysis.
Based on commercially available codes, the proposed approach
provides a relatively simple way to resolve the antenna design problems
in the presence of large and complex structures. The reliability of
analysis is assured to a certain degree except the errors incurred
due to interactions between codes. Thus, in situations where the
interactions do not impact the results, eﬀective antenna designs can
be achieved. Furthermore, the proposed approach may essentially
extend the limitations of individual codes when used alone. It is noted
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that recently a domain decomposition method [21] has been proposed
to decompose a big electromagnetic problem into small sub-domain
problems and account for the interactions between sub-domains, whose
concepts may be applied to reduce the errors and will be performed in
the next phase of this work.
To demonstrate the concepts of code hybridization, NEC-BSC
[22] and CST Microwave Studio (MWS) [23] are identiﬁed as the HF
and LF techniques, respectively in the following development. Since
CST MWS is a true three dimensional exact full wave electromagnetic
solver based on the Finite Integration Technique (FIT) in time domain,
the accuracy of this work relies on the computation of NEC-BSC,
a UTD based code with a certain degree of approximation, and the
interaction between these two codes. An interface to decompose the
antenna design problems into sub-domains of each code is established
and performs the parameter transformations between the codes. In
particular, the concepts of generalized ray expansion (GRE) method
[24, 25] are applied in the interface establishment. The advantages
of the GRE are that the propagation predictions using a ray tracing
technique need to be performed only once regardless the antenna types
if the large structure of interest remains unchanged. It is particularly
useful for antenna design optimization since during the procedure
of optimization each change on the antenna structure needs to be
considered only as a new antenna analysis.
2. IMPLEMENTATION STRATEGIES
The problem under consideration is the antenna design within a
large and complex structure as illustrated in Figure 1, where several
electrically large and complex platforms of interest are shown. The
antenna can be a single element or an array to radiate required
patterns that fulﬁlls the speciﬁed requirements. Thus this antenna

Figure 1. Several electrically large and complex structures of interest,
including satellite, helicopter and aircraft. Antennas are to be designed
in the presence of such structures.
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design problem exhibits two considerations including the electric
characteristics, such as the bandwidth of return loss, and radiation
characteristics such as the radiation patterns, axial ratios and crosspolarization levels. As the bandwidth of the antennas is primarily
aﬀected by small scale wave interactions within the antenna structures,
the radiation characteristics will be impacted by the propagations of
the radiated ﬁelds through the large and complex antenna platforms.
Thus if the problem is properly decomposed into two sub-domains
suitable to be analyzed by HF and LF techniques, respectively, the
problems can be approximately resolved. The basic implementation
process starts from decomposition of the complex problem into HF
and LF sub-domains through proper domain decomposition of the
structure. While the basic electric characteristics associated with the
antennas are taken care of by LF techniques, HF techniques take care
of the prediction of propagations of the large structure. The antenna
is basically designed in the LF sub-domain and the corresponding
ﬁeld distributions together with the induced currents on the predeﬁned virtual boundaries are obtained and transformed into HF subdomain. Principle of equivalence is then applied with properly assigned
enclosures on the virtual boundaries in the HF sub-domain to predict
the propagation characteristics of the overall structure.
2.1. Problem Decomposition into HF and LF Sub-domains
The antenna design problem as illustrated in Figure 1 may be
decomposed into two sub-domains that can be analyzed by NECBSC and CST MWS, respectively, referred as the BSC and CST subdomains, respectively. Since CST is eﬀective to analyze the small scale
interactions within the antenna structure, it is nature to deﬁne a CST
sub-domain with respect to the region in the vicinity of the antenna
structure. Thus it is assumed that the components of the complex
structure far away from the antenna do not signiﬁcantly impact the
antenna’s electric characteristics in this work. It is approximately
valid for those components that are at least 2 wavelengths away
from the antenna and do not directly block the antenna radiation,
which generally fulﬁlls the situations of practical applications. Thus
a straightforward decomposition approach cuts the antenna vicinity
region as the CST sub-domain, as illustrated in Figure 2(a), for the
analysis of the antenna design. The size of the CST sub-domain may
be as large as to the limit that CST may handle. Thus in the cases
that the portions of the complex structure are near the antenna and
directly block the antenna radiation, they may be included in the region
of CST sub-domain. At this stage, the analysis of CST sub-domain
is merely a problem of an antenna design in the presence of a small
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Figure 2. (a) Illustration of BSC (left) and CST (right) sub-domain
decomposition, where in BSC HF sub-domain, the antenna is mounted
on the wing of the jet ﬁghter; (b) The enclosed surface with calculated
absolute value of equivalent currents in LF (CST) sub-domain.
decomposed structure with additional impacts due to the diﬀractions
from the artiﬁcial cutting edges which are not supposed to occur in the
original problem. Note that if the edge diﬀractions may be properly
removed or reduced, the electric characteristics of antenna, such as
return loss and induced currents, remain relatively accurate in the
analysis of CST sub-domain. Note that at present stage the far ﬁeld
radiation of the antenna is not of major concern since the antenna
radiation will experience propagations through the complex structure
and arise to the patterns of interest in this work.
The establishment of the BSC sub-domain is based on an
equivalence principle model (or Love’s Equivalence principle) to
equivalently replace the antenna by induced currents on a surface
enclosing the antenna as illustrated by S in Figure 2(b). It is noted
that since the impact due to the scattering from far-end components
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of the complex structure is ignored in this work, the total ﬁelds on
are approximately the near ﬁelds radiated from the antenna designed
in CST sub-domain and in presence of the structures inside CST subdomain. The size of the surface should be selected in a way that the
components with small scale interactions near the antenna structure
to be enclosed so that UTD solutions for the ﬁelds radiated from
equivalent currents remain valid when the ﬁelds ﬁrst illuminate the
remaining components of the complex structure. Also the region inside
S is perfectly electrically conducting and has a null ﬁelds. The induced
currents on S are magnetic and can be described as
M s = −n̂ × E a

(1)

where n̂ is a unit vector normal to S and Ea is the near electrical
ﬁeld radiated from the antenna in presence of the structure inside
the CST sub-domain. It is noted that it is important to make the
body enclosed by S electrically conducting so that the ﬁelds inside
S may be retained null and the equivalent currents are directly on
the surface of S during the analysis of NEC-BSC as required in the
equivalence principle. In general, for speciﬁc applications, it is better
to keep smoothly varying, such as a half sphere, such that redundant
errors may be better minimized due to the numerical integration over
currents in NEC-BSC.
2.2. Treatment for CST to Reduce Artiﬁcial Edge
Diﬀractions
The establishment of CST sub-domain will produce artiﬁcial edge
truncations on the portion of the complex structure to be included in
the sub-domain. Redundant diﬀractions will occur from the artiﬁcial
edges. They should be reduced in order not to impact signiﬁcantly on
the electrical characteristics of the antenna under design inside the CST
sub-domain. This reduction is achieved by properly imposing tapered
absorbers on the edge truncations. Note that even though absorbing
boundary conditions are commonly employed in LF techniques and
are also available in CST, they are not capable of reducing the edge
diﬀractions. It is because the absorbing boundary conditions employ
multi-layer materials with tapered values of resistance so that the
reﬂections from the boundaries into the analysis domain may be
minimized, which means that resistance near the interface of the
analysis domain is quite small and will not be capable of reducing
signiﬁcantly the diﬀractions occurred from the edges inside the analysis
domain. The illustration of imposing resistance-tapered absorbers is
shown in Figure 3, where the resistance-tapered absorbers are realized
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Figure 3. Tapered absorbers wrapping around the artiﬁcial edges to
minimize the diﬀraction.
by multi-layer materials as that employed in the absorbing boundary
conditions except now the edge truncations are inside boundary. This
allows the antenna’s radiating ﬁelds to be attenuated while propagating
through the tapered absorbers to illuminate the edges. While such
technique seems to be very straightforward intuitively, care must be
taken in practical implementation. Since the absorbing materials are
frequency-dependent and consist of relatively high-dielectric materials
with loss, inclusion of the absorbing material into the calculation
domain often increases the number of mesh cells within the calculation
domain, leading to a longer simulation time. Alternatively, if the
artiﬁcial edges of the decomposed structure are regular (namely, lining
up with the axes of boundary planes), the artiﬁcial edges could be
removed by utilization of several PML layers with increased subdomain size during decomposition process.
2.3. Implementation of GRE Interface
The integration between these two codes can be realized only when the
interface is well established. The GRE concept is illustrated in Figure 3
and implemented in this work for the interface. The advantages of
the GRE are that the analysis of propagation based on ray tracing
techniques needs computed only once regardless the changes of the
antennas, which dramatically saves the computational time when
diﬀerent types of antennas will be used. The implementation of the
concepts is based on basis expansions of the current distributions over
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S in Figure 2, i.e.,
Ms =

N


An M n

(2)

n=1

where N basis functions are used. As the current distributions, M s ,
change with respect to the change of the antenna enclosed by S only
the weighting coeﬃcient, An , related to each basis will change since
the basis functions remain same. Each basis, M s , serves as the source
to be used in NEC-BSC, where its radiation is represented in terms
of a set of rays, to compute the scattering ﬁelds in presence of the
complex structures. The ray parameters and their associated scattering
ﬁeld remain ﬁxed as the complex structure remains unchanged. NECBSC allows users to use several types of current sources (either
electric or magnetic sources) including uniform, piecewise sinusoidal,
TE01 cosine, annual ring, constant circular and TE11 circular current
distributions, among which uniform (or pulse) and piecewise sinusoidal
current distributions have been widely used in numerical techniques
as basis functions to represent induced currents and can be used in
(2) to represent the current distributions on S. Thus let E nm be
the scattering ﬁelds at mth observation point due to M n , the total
scattering ﬁelds at mth observation point due to the antenna radiation
can be expressed as
Em =

N


An E nm .

(3)

n=1

Thus if E nm are pre-computed and stored in the memory, they can
be used to eﬃciently compute the scattering ﬁelds due to the antenna
radiation regardless the changes of antennas since E nm need to be
found only once. It is noted that this strategy allows the users to
concentrate their eﬀorts on designing the antenna using LF techniques.
2.4. Numerical Example
The proposed approach is validated by considering an antenna design
in the presence of a car structure, where the antenna is a monopole and
mounted on the car’s roof for the simpliﬁcation of demonstration. The
structure and its dimensions are illustrated in Figure 5(a). Figure 5(b)
shows the meshed view at a speciﬁc plane of interest. To validate the
analysis accuracy of this work, the frequency of operation is assumed to
be 900 MHz in the mobile communications, which allows the structure
analyzable by LF codes, namely CST, alone. Its results will be used as
a reference solution for the comparison of accuracy with the solution
obtained by the proposed approach.
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Figure 4. The ﬂow chart illustrates the procedure of establishing code
integration.

(a)

(b)

Figure 5. (a) The structure and dimensions of a car structure, where
the monopole antenna is mounted on top of the car. (b) Mesh view at
a speciﬁc plane in CST.
Since FIT based CST Microwave Studio adopted the explicit
algorithm without any matrix inversion process involved, generally it
is capable of handling relatively larger problems compared to other
commercially available codes. The whole structure of interest was
analyzed in CST and the calculated S11 with 3-D far ﬁeld radiation
pattern are shown in Figure 6. The total number of mesh cells is
4,489,017 in this speciﬁc case, with proper symmetry plane set to
eﬃciently save the computational resources in terms of mesh cells
and computation time which is recorded to be 65 minutes on an Intel
XeonTM 3.40 GHz CPU with 3 GB RAM desktop. The calculated far
ﬁeld response will serve as a reference to compare with that calculated
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(a)

(b)

Figure 6. Simulated (a) S11 and (b) 3-D farﬁeld radiation pattern of
the 900 MHz monopole antenna mounted on the top of the car by CST
MWS.

(a)

(b)

Figure 7. Polar plots of the corresponding radiation at (a) φ = 0◦
and (b) φ = 90◦ .
by our approach. Figure 7 shows the corresponding polar plots at
φ = 0◦ and 90◦ , respectively.
The overall structure is decomposed into LF and HF sub-domains
and Figure 8 shows the decomposed structure in LF sub-domain. A
predeﬁned virtual box with size 0.05 λ × 0.05 λ × 0.25 λ that encloses
the antenna is also shown in the ﬁgure. Based on the principle
of equivalence, electric ﬁelds on the enclosing surfaces will then be
calculated and converted into the surface magnetic currents to be
imported into the HF sub-domain for propagation prediction.
In our speciﬁc example here, a larger decomposed domain is
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Figure 8. The decomposed structure in LF sub-domain with the
enclosed surface for electric ﬁeld calculation.
adopted instead of the tapered absorbing material to reduce the
diﬀractions by the artiﬁcial edges. The reason of doing so is merely
to save the computation time and eﬀort by avoiding very dense
meshing at the absorbing materials. Under such circumferences where
a larger decomposed sub-domain is adopted, four PML layers with
speciﬁed reﬂections that touch the decomposed edges directly can be
used instead of the absorbing boundaries. Convergence test is ﬁrstly
performed to make sure that the size of decomposition domain is
large enough. Figure 9 shows the probed ﬁeld quantities with various
sizes of the sub-domains. As is concluded from the test, the near
ﬁeld behaviors of the antenna of interest become independent of the
touching boundaries if they are at least one wavelength away from
the antenna’s location. Figure 10 shows the transformed current
distribution at the corresponding location in HF sub-domain to be
analyzed by NEC-BSC code. The virtual boundaries in LF sub-domain
are now replaced by PEC enclosures in HF sub-domain since we are
dealing with magnetic currents. Finally the propagation predictions
are performed using NEC-BSC code and the resulted far ﬁeld pattern is
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Figure 9. Probed electric ﬁeld with various sizes of the decomposed
sub-domains showing that the results become independent of the
touching boundaries if the size is at least one wavelength away from
the antenna location.

Figure 10. The transformed current distribution at the corresponding
location in HF sub-domain to be analyzed by NEC-BSC code.
shown in Figure 11 with that calculated directly from CST Microwave
Studio included for comparison. In this case, only 2 minutes CPU time
was used in CST to compute the results in LF sub-domain and the CPU
time used in NEC-BSC is ignorable in this case. Note that only the
pattern is of interest for comparison because the values should depend
on the choice of observation location. It is clear that the results agree
very well with each other evidencing the correctness of the proposed
approach.
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Figure 11. Far ﬁeld (E-ﬁeld) calculated in HF sub-domain using BSC
code (left) compared to that from CST (right).
3. CONCLUSION
A strategy to design antennas under electrically large structures is
presented by integrating simulation tools of NEC-BSC and CST,
which are based on numerical high and low frequency techniques,
respectively. An interface based on an equivalent current technique
is established to interact and provide seamless transformations of
parameters between the codes. Numerical examples demonstrate the
validity of the proposed work.
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