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Abstract-A novel technique which combines the ultra-wide
band characteristic basis function method (UCBFM) and the
adaptive multi-point expansion algorithm for asymptotic wave-
form evaluation (AWE) method is proposed. The UCBFM and the
AWE method are two kinds of model order reduction (MOR)
methods, and their proposed combination can be applied for fast
evaluation of wide band scattering problems. In the proposed
approach, ultra-wide band characteristic basis functions (UCBFs)
is solved according to the highest frequency in the range of inter-
est, and the adaptive multi-point expansion algorithm for AWE is
based on a simple binary search algorithm. Provided numerical
results validate the proposed method, and suggest that it has a
high efficiency.

Index Term-model order reduction methods; ultra-wide band
characteristic basis function method; asymptotic waveform evalu-
ation; method of moments; scattering problem

I.  INTRODUCTION

One of the most popular methods for radar cross sections
(RCS) prediction is the frequency domain integral equation
solved using method of moments (MoM) [1], but it places a
heavy burden on the CPU time as well as memory require-
ments when electrically large structures are analyzed. Moreo-
ver, they require the impedance matrix to be generated and
solved for each frequency sample; hence, if the response over a
wide frequency band is of interest, the MoM is computational-
ly intensive. This problem is especially serious when the RCS
is highly frequency dependant and fine frequency steps are
required to get an accurate representation of the frequency re-
sponse.

Several techniques have been proposed to alleviate this prob-
lem. In [2, 3], the characteristic basis function method (CBFM),
is able to reduce the size of the MoM matrix. In the CBFM, the
object is divided into a number of blocks, and high-level basis
functions called characteristic basis functions (CBFs) are de-
rived for these blocks, which are discretized by using the con-
ventional triangular patch segmentation and Rao-Wilton-
Glisson (RWG) basis functions [4]. In [5], the asymptotic
waveform evaluation (AWE), is proposed for predicting the
RCS over a band of frequencies. Since it needs the MoM ma-
trix inversion at central frequency, the AWE technique can
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hardly deal with wideband electromagnetic scattering problems
from electrically large object or multi-objects. So in [6], AWE
based on CBFM, is proposed to analyze wideband electromag-
netic scattering problems. This method uses the mutual cou-
pling method for generating CBFs, that is time consuming and
memory demanding, in CBFM and applies single-point expan-
sion for AWE. In [7], A simple binary search algorithm is de-
scribed to apply AWE at multiple frequency points to generate
an accurate solution over a specified frequency band. Since the
CBFs depend upon the frequency, they need to be generated
repeatedly for each frequency. Hence, in [8], the ultra-wide
band characteristic basis function method (UCBFM) is used on
a wide band, without having the generation of CBFs for each
frequency repeatedly. The CBFs calculated at the highest,
termed UCBFs, entail the electromagnetic behavior at lower
frequency range; thus, it follows that they can also be em-
ployed at lower frequencies without going through the time
consuming step of generating them again. However, in the
UCBFM, it is still time consuming for the computation of
wideband RCS since it requires repeated solving of the reduced
matrix equations at each frequency.

In this paper, The combination of the UCBFM with the
adaptive multi-point expansion algorithm for AWE is intro-
duced for fast evaluation of wide band scattering problems. In
the following sections, the principles of the UCBFM and the
AWE based on a simple binary search algorithm are outlined
firstly, and then the combination scheme of the UCBFM/AWE
method is developed. Finally, two classical scattering problems
are analyzed and the comparisons of the proposed method and
traditional methods are provided.

Il. FORMULATION
A. UCBF Method [8]

Let us consider a complex 3-D object illuminated by a plane
wave. In a conventional MoM, the whole surface is divided
into triangles with size ranging from A/10 to 4/20. Applying
this to the electric field integral equation, one can obtain a
dense and complex system of the form

Z (k)1 (k)=V (k)
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In (1), Z is the MoM matrix of dimension NxN, | and V are
vectors of dimension Nx1, where N is the number of unknown
current coefficients and k is the wave number of the free space.
For large and complex problem, the matrix filling and matrix
equation solving are quite time consuming.

The CBFM begins by dividing the object to be analyzed into
blocks. For the best division scheme and the number of blocks
M one may refer to [9]. These blocks are characterized through
a set of CBFs, constructed by exciting each block with multiple
plane waves (MPW), incident from Npy uniformly spaced &
and ¢-angles. To calculate the CBFs on the generic ith block ,
one must solve the following system

Zii (k)JiCBF :\/iMPW (2)

In (2), Zi is an N; ><N; sub-matrix corresponding to the
ith block, = is a N; xNpy matrix containing original CBFs,
and V" is a N; xXNpy matrix containing excitation vectors,
where N; is the number of unknowns relative to ith block. In
order to extract Z; from the original MoM matrix, a matrix
segmentation procedure can be used. Next, a new set of or-
thogonal basis functions, which are linear combinations of the
original CBFs, are constructed via the singular value decompo-
sition (SVD) approach. Thus, the redundant information be-
cause of the overestimation is eliminated. For simplicity, one
can assume that the average number of CBFs after SVD is K.
Consequently, the solution to the entire problem is expressed
as a linear combination of the MxK CBFs, as follows

M K
1K) =D an (k)32 (k) ®)

m=1 k=1
where J % is the nth CBF of the mth lock. By using the above
CBEFs, the original large MoM matrix can be reduced, and un-
knowns are changed to weight coefficient vector o whose or-
der is much smaller than original current coefficient vector I.
Finally, after solving the reduced system and substituting solu-
tion back to (3), one can obtain the solution of single frequency
point. For the multi frequency point, although the above proce-
dures of the CBFM can be repeated, the UCBFM is more effi-
cient.

The ultra-wide band characteristic basis functions (UCBFs)
is the CBFs generated at the highest frequency. Since the
UCBFs can adequately represent the solution in the entire band
of interest, they are used for lower frequencies without going
through the time consuming step of generating them again.
Fig.1 shows the flowchart of the UCBFM.

B. AWE Method [7]

For the given frequency f, (corresponding to the wave num-
ber ko) in a wide band, current coefficient vector I(ky) can be
obtained one by one by solving (1) by using the above UCBF.
It is still time consuming for wide-band problems. For such
problems, some interpolation/extrapolation schemes like the
AWE method are always powerful. The basic procedure of the
AWE is to first expand the I(k) into Taylor series, then to use
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Fig 2. Flowchart of the adaptive multi-point expansion algorithm.

the Padé&approximation to generate the rational function as

1(k)= 3 m, (k—k,) =—=. @

j=1
where the moment vectors m, can be calculated by the follow-
ing recursive formula

My =27 (ko )V (ko) (5)
m =zZ" (ko){v(n)n(!ko) _iznl: z" (kio!) m,_; :l (6)



where Z9(ko) is the ith derivative with respect to k of Z(k) and
evaluated at ko. Similarly, V™(ky) is the nth derivative with
respect to k of V(k).The coefficients a; and b; are obtained by
solving the following linear equation

M
ZmL+i—jbj :_mL+i i:l’z""’M (7)
i—1
i—1
a—> mb ,=m i=12..,M 8)

i=0

where by = {1,1,...,1}.

The adaptive algorithm for the AWE is shown in Fig.2,
where E( f )is the desired quantity. When single-point expan-
sion does not satisfy the requirement over the whole frequency
band, the multi-point expansion becomes necessary. The adap-
tive multi-point expansion algorithm given in Fig.2 is available
for this purpose.

C. UCBFM/AWE Method

It can be seen from (5)—(6) that the computation of the de-
rivatives of Z(k) and V(K) is the key step in the AWE technique.
In order to avoid solving the inversion of large matrix in (5)
and (6), UCBFM is combined with the adaptive multi-point
expansion algorithm for AWE technique to calculate the wide
band scattering characteristics from electrically large or multi-
ple objects. The flowchart of UCBFM/AWE is shown in Fig.3.
The coefficients m, in (5) and (6) are calculated by UCBF
method. In UCBFM/AWE algorithm, the current distribution at
each frequency within the band is expressed as a linear combi-
nation of UCBFs.
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Fig 3. Flowchart of UCBFM/AWE method.

I1l. NUMERICAL RESULTS

To demonstrate the efficiency and accuracy of the UCBFM/
AWE method, two numerical examples are investigated. The
objects of the numerical simulations are illuminated by a nor-
mally incident theta-polarized plane wave; a conventional tri-
angular patch segmentation and RWG basis function are em-
ployed [4]. All the simulations were run on a notebook
equipped with 2 Dual Core at 2.3GHz (only one core was used)
and 8GB of RAM.
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Fig 4. Bi-static RCS of the PEC sphere from 0.1GHz to 0.3GHz using dif-
ferent methods.
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Fig 5. Bi-static RCS response of the PEC plate by UCBFM/AWE and conven-
tional MoM method.



The first example is the RCS by a PEC sphere with diameter
of 2.0m from 0.1GHz to 0.3GHz. The geometry is automatical-
ly divided into two blocks, as shown in Fig.4. The discretisa-
tion in triangular patches is carried out at the highest frequency,
with a mean edge length of 0.1, which involves almost 1293
unknowns. After SVD procedure we totally obtain 228 UCBFs.
We set L =M =4, 6= 0.1for AWE expansion and chose Npy =
800 for UCBFM. The results are compared with those derived
by using CBFM/AWE and conventional MoM, as shown in
Fig.4. The RCS response of the PEC sphere is for the observa-
tion angle at 8=180°, ¢ =0°. In UCBFM/AWE method, the
expansion points are 0.1GHz and 0.3GHz, with a frequency
increment of 1MHz. While in CBFM/AWE technique the ex-
pansion points are: 0.1GHz, 0.15GHz, 0.2GHz and 0.3GHz,
with a same frequency increment. For conventional MoM
method the step of frequency sweep is 5SMHz. The bi-static
RCS solved by UCBFM/AWE and CBFM/AWE coincide very
well with the conventional MoM. Hence, the presented method
is accurate in wide band electromagnetic scattering analysis.

To show the efficiency of the UCBFM/AWE, the total simu-
lation time which include matrix filling time and solving time
is shown in Table I. With a frequency increment of 1MHz, the
conventional MoM method requires about 203.227 minutes to
obtain the solution. However, for UCBFM/AWE method, to
obtain the same accuracy, only 15.453 minutes are needed,
which is 13.15 times faster than the conventional MoM method.

The next example is a 4m>=4m PEC plate. The frequency
range starts from 0.1GHz and terminates at 0.3GHz; a length of
4m is equal to 4A at 0.3GHz. The plate is divided into sixteen
blocks, as shown in Fig.5. The discretisation in triangular
patches is carried out at highest frequency, with a mean edge
length of 0.1A; this leads to total unknowns of 5299. After
SVD procedure we obtain 971 UCBFs. These UCBFs calcu-
lated at 0.3GHz can be used for any frequency in the range.
The bi-static RCS observed at 6= 180°, ¢=0° is shown in
Fig.4, which calculated by UCBFM/AWE and conventional
MoM method, respectively.

The bi-static RCS shows an excellent match for the two
methods. In this numerical simulation we set L =4, M = 4,
6= 0.1 for AWE expansion and chose Npy = 800 for UCBFM.
Over the whole frequency band, we obtain six expansion points,
with a frequency increment of 1MHz for Padé€approximation,
while the step of frequency sweep is 5MHz for conventional
MoM method. Table Il shows the efficiency of the presented
method. With a frequency increment of 1MHz, we obtain a
total simulation time of about 6.814 hours with UCBFM/AWE ,
whereas the use of conventional MoM leads to 30.127 hours.

IV. CONCLUSION

In this paper, a new approach that combines the UCBFM
with the adaptive multi-point expansion algorithm for AWE is
successfully implemented to fast and efficiently analyze wide
band scattering problems. Numerical results given demonstrate
the high accuracy and efficiency of the proposed method. The
scattering problem of very electrically large objects and multi-

ple objects can be handled, since large matrix inverse computa-
tion is not necessary in the hybrid method and UCBFM allows
the decrease of time in CBFs compared to that obtained by
CBFM. The AWE method in the UCBFM was used in order to
further reduce the computational time required for wide band
analysis.
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