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Application of MBPE Method to Frequency Domain Hybrid Techniquesto
Compute RCSof Electrically Large Objects

C. J. Reddy?

Abstract: This paper presents an efficient algorithm
to evaluate multi-spectral and multi-angular monostatic
radar cross section (RCS) of large objects with very fine
increments. The technique is based on the combination
of Model Based Parameter Estimation (MBPE) method
with hybrid frequency domain formulations. A general
approach to formulation of MBPE is presented along
with a similar approach called the Asymptotic Wave-
form Evauation (AWE). Various numerical examples
are presented for multi-spectral response calculations us-
ing method of moments (MoM) and the hybrid Finite
Element-MoM technique in conjunction with MBPE.
Exampl e application of MBPE for hybrid MoM-Physical
Optics approach for multi-angular calculations is aso
presented.
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1 Introduction

Frequency domain techniques in electromagnetics rely
on integral or differential equation approaches and have
been very successful in recent years for RCS calcula
tions of targets in low frequency to midband applica
tions[Miller, Mitschang and Newman,(1992)]. Morere-
cently, hybrid integro-differentia techniques have been
developed to take advantage of both approaches and
thus model materials and surfaces with greater efficiency
[Volakis, Chatterjee and Kempel, (1998)]. Also more €f-
ficient methods using hierarchical vector finite elements
using p-type multiplicative Schwarz method (pMUS) are
developed for arbitrary shapes [Lee, Lee and Teixeira,
(2004)]. This technique results in one order of magni-
tude speed up compared to the previous finite element
approaches. For eectricaly large objects with mate-
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rial treatments it is necessary to hybridize first principle
CEM techniques with asymptotic high frequency meth-
ods, such as Physical optics (PO) [Jakobus and Land-
storfer (1995)]. Hybrid methods in frequency domain,
though suitable for computing RCS of large objects re-
quire repeated calculations over a frequency band of in-
terest. These methods require an iterative process to de-
termine the illuminated and shadow regions for each an-
gleof incident planewave. Electrically large objectswith
sharp edges and corners exhibit large variations in RCS
with nullsand peaks. Sharp nulls are normally observed
within a small angular range. The CPU requirements to
compute RCS at fine frequency and angular increments
are normally prohibitive. In this paper, Model Based Pa-
rameter Estimation (MBPE) technique [Miller and Burke
(1991)] ispresented to accurately compute multi-spectral
and multi-angular responses with a few direct calcula-
tions. In MBPE technique, the electric current or field
is expanded as a rational function. The coefficients of
the rational function are obtained using the either fre-
guency/angular data or the related derivative data. Once
the coefficients of the rational function are obtained the
RCS can be computed using the rational function at any
fine frequency or angle increments. A brief description
of another technique called the Asymptotic Waveform
Evaluation (AWE) [Pillage and Roherer (1990)] is also
presented. AWE is similar to MBPE and is used for
microwave circuit analysis [Tang, Nakhala and Griffith
(1991)]. An approach similar to AWE is presented in
[Jose, Kanapady and Tamma, 2004] using anovel hybrid
finite element and Laplace transform formulation for the
computation of transient electromagnetic fields.

The rest of the paper is organized as follows. In section
2, MBPE method implementation is described. A brief
description of AWE techniqueis also presented. Numer-
ical results to validate application of MBPE method to
hybrid techniques are presented in Section 3. The nu-
merical data are compared with the exact solution over
frequency/angle range. Concluding remarks on the ad-
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vantages and disadvantages of MBPE are given in Sec-
tion4.

2 Mode Based Parameter Estimation (M BPE)

Frequency domain techniques to compute RCS often re-
sult in a system matrix equation such as

)

Where A(K) isthe system matrix, x(k) isthe solution vec-
tor and v(K) isthe excitation vector due to the plane wave
incident.

Solution of equation (1) at any frequency f,, givesthe so-
lution vector x(Ko), where k, is the free space wavenum-
ber at f,. Instead of directly solving for x(ko), it can be
written as a rational function,

_Rh®K
Qu (k)

where

x(k) (2)

PL(K) = o+ aik+apk® +aghk® + ... +-a k" €)

(4)

b, isset to 1 asthe rational function can be divided by an
arbitrary constant. The coefficients of the rational func-
tion are obtained by matching the frequency derivatives
of x(k). If equation (2) is differentiated t times with re-
spect to k, the resulting equation can bewritten as[Miller
and Burke, (1991)]

QM(k) =by+ b k+ b2k2+b3k3—|— ..... —I—bLkL

XQu =R

X Qm +XQu = Py

X'Qw +2XQy +xQuy =P,

X"Qu +3x"Qu +3X Qyy +xQu = R’

...... —I—XQ&) = Plft)

where Crs = gy isthe binomial coefficient. The sys

tem of (t+1) equations provides the information from
which the rational function coefficients can be found if
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t > L+ M+ 1. If the frequency derivatives are available

at only onefrequency f,, thevariableintherational func-

tion can be replaced with (k— ko) i.e.,
AL (k—ko)

XK = G (k=)

The derivatives are evaluated at k = k,. The coefficients
of the rational function can be obtained from the follow-
ing equations:

()
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0 —X —X1 0
0 —X3 —X2 0 a
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Where xm = %

If the frequency derivatives are known at more than one
frequency, then the expansion about k = k, cannot be
used and the system matrix to solve the rational func-
tion coefficients takes a general form [Miller and Burke,
(1991)]. For the sake of simplicity, let us examine atwo-
frequency model. Assume that at two frequencies, fi
(with free space wavenumber k; ) and f, (with free space
wave number kz), four derivatives are evaluated at each
frequency. Hence 10 samples of dataare needed (twofre-
guency samples and atotal of eight derivative samples)
to form arational function with L=5 and M=4.

Ao +ark+apk® + agk® + agk? + ask®

X(k) 1+ bk + bykZ + bk + bak?

(8)

Equation (8) can be written as

(1+ b1k + b2k2 + b3k3 + b4k4) X(k)

= 8o+ ark + apk? + agk® + auk* + ask® ©)
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Differentiating equation (9) four times at each frequency,
the matrix eguation for the solution of the coefficients of
the rational function (equation (9)) can be written as

[ M1 Mg Mig  Migo ag
M1 My M2  Mogo 2]
M3 Mgz Mzg  Mayg ap
.. bs
| M1ig1 Mg Migg Maig1o | [ ba |
_ x(lo) _
e
2)
— | (10)
e
%
h (m __ dm Kk (m _ dm Kk
wherex; ” = g X( )’k:klvxz = g X( )’k:kg

Matrix elements (M11, M1, €tc) are given in [Reddy
(19983)].

In the above equations, xV), the tt" derivative is obtained
using the recursive relationship,

()
t

=AYk [vm —~ Z) (1~ 8go)Cr gAY (k)x=9 (k)] (11)
9=

where A9 (k) is the " derivative with respect to k of

A(k) and vV (k) is the t" derivative with respect to k of

v(k). The Kronecker delta dqo isdefined as

5 1 g=0
©710 g#0

The above procedure can be generalized for multiple
frequencies with frequency-derivatives evaluated at each
frequency to increase the accuracy of the rational func-
tion. Alternatively, the two-frequency-four-derivative
model can be used with multiplefrequency windows.

2.1 Asymptotic Waveform Evaluation (AWE)

AWE is similar to MBPE and was used for the timing
analysis of very large scale integration (VLSI) circuits
[Pillage and Roherer (1990)]. The AWE techniqueisalso
applied to the electromagnetic analysis of microwave cir-
cuits [Gong and Volakis (1996), Erdemli, Reddy and

Volakis (1999)]. Like MBPE, AWE also resultsin ara
tional function approximation. Inthe AWE techniquethe
electric field or current is expanded in the Taylor series
around a frequency. The coefficients of the Taylor series
(called “moments’) are evauated using the frequency
derivatives of egquation (1). Taylor series approximation
givesfairly good results. However, the radius of conver-
gence limits the accuracy of the Taylor series and will
not converge beyond the radius of convergence. The ra
tional function approach is used to improve the accuracy
of the numerical solution. The coefficients of the Taylor
series are matched via Padé approximation to a rational
function.

To implement AWE, solution vector in equation (1) is
expanded in Taylor seriesas

0 = 5 mk—te)” 12
With the moments given by

My

Al [% _qi <1—6qo>A$><kom_q 13

To obtain Padé approximation, the Taylor series expan-
sionin equation (12) is matched with arational function

i Mk ko) = K ko)

n=0

Quik—ko) (4
Sincethereare (L+ M + 1) unknowns, (L + M) moments
of the Taylor series should be matched. Equating the co-
efficients for powers (k—ko)-+1. ... (k—ko)-tM| the
coefficients of Qu (k— ko) can be obtained by solving the
matrix equation

M_M4+1 Mi_m2 my b
Me_m4+2 ML_m43 m 41 bv-1
my my 1 mLrm—1 b1
]
— mL+2 (15)

ML+ m
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The numerator coefficients can be found by equating the
powers (k—Ko)0...... (k—ko)-

ap = My
ap =m+bimg
ap = M+ byimy + bomg

min(L.M)
a.=m + Zi bim__;
i=

For a single frequency calculation, the computational ef-
fort to construct an AWE model or MBPE model isiden-
tical. AWE may be limited to single frequency calcula-
tions due to the Taylor series, where as MBPE could be
used over many frequencies to construct a rational func-
tion spanning awide frequency band.

3 Numerical Results

MBPE technique as described in the above section is
applied to integral equation method such as MoM, hy-
brid method such as FEM/MoM for RCS calculations
over afreguency range. MBPE is aso applied to hybrid
MoM/PO technique to compute monostatic RCS over a
range of incident angles.

3.1 Application of MBPE to MoM

RCS of perfectly conducting three-dimensional objects
is calculated using MoM. This method leads to dense,
complex matrix system of equations. To compute RCS
over a frequency range the system matrix is solved at
each frequency, leading to large CPU times if fine fre-
guency increments are needed. To over come this lim-
itation, MBPE is applied to MoM formulation [Reddy
(1998b)] to compute RCS over a frequency range with
fine increments.

First example is a square plate (1cmX21cm) with the in-
cident electric field, E, at 6;=90° and ¢=0°. The fre-
guency responseis calculated with one-frequency MBPE
(L=5and M = 4) at 30GHz and using nine frequency
derivatives. The frequency response is also calculated
with two-frequency MBPE (L =5,M = 4), at f1=24GHz
and f,=36GHz and using four frequency derivatives at
each frequency. Figure 1 shows the frequency response
along with the discrete cal culations with MoM. It can be
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seen that both one-frequency and two-frequency MBPE
agree well with the discrete calculationswith MoM. Dis-
crete calculationstook 22,258 secs to compute 31 paints,
whereas one-frequency MBPE tool 1688 secs and two
frequency MBPE took 3060 secs. Both one-frequency
and two-frequency MBPE calculations are donewith 0.1
GHz increment, atotal of 300 frequency points.

Bl Discrete Calculation - MoM

Two-frequency MBPE
= = =+ Ome-frequency MEPE

f1=24GHz f=30GHz
- !

20 25 30 3% 40
Frequency (GHz)

-30

(]
[=]
rrfJr1rrrrfJlrrrrpfrrr7

Figure 1: RCS caculation of a square plate over afre-
guency range using MBPE.

The second example is a perfectly conducting cube
(emX1cmX1lcm).  Norma incidence is assumed.
RCS calculations over a frequency range of 2GHz to
22GHz are calculated and shown in Figure 2. One-
frequency MBPE calculation is done at 15GHz, whereas
the two-frequency MBPE calculations are done at
11GHz and 19GHz. The one-frequency MBPE took
1,143secs, whereas the two-frequency MBPE solution
took 2,066secs. Both MBPE calculations are done with
0.1GHz increments (200 frequency points). The dis-
crete calculations are done at 21 frequencies and took
10,500secs of CPU time.

A more challenging problem, an ogive structure (10" in
lengthand 1” in diameter) with planewaveincident at the
tip is addressed [Reddy, Cockrell, Beck, Bindignavale,
and Sancer (1999)]. The VV-polarized backscatter is
computed using MBPE in conjunction with MoM and is
plotted in Figure 3. As expected the backscatter shows
deep nulls over the frequency band. To exactly locate
the nulls, MoM calculations need to be done at very fine
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Figure 2 : RCS calculation of a cube over a frequency
range using MBPE.
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Figure 3: RCS calculationsof an ogive over afrequency
range.

increments (0.01GHz at the minimum). Using MBPE,
frequency sweep is accomplished with fine increments.
MBPE calculations are performed in two windows, us-
ing two-frequency MBPE model. For the first window,
MBPE coefficients are computed at 0.5GHz and 1.5GHz
and for the second window, the coefficients are calcu-
lated at 2.5GHz and 3.5GHz. Excellent agreement with
discrete calculations can be observed in Figure 3. Dis-
crete calculations at 40 frequency points took approxi-
mately 20hrs of CPU time, whereas MBPE calculation
for both windows took only 3hrs for a total of 400 fre-
guency paints.

3.2 Application of MBPE to Hybrid FEM/MoM tech-
nique

Electromagnetic characterization of cavity-backed aper-
tures is of importance in understanding the scattering
properties and in electromagnetic penetration/coupling
studies. Hybrid FEM/MoM techniqueis widely used for
computing the electromagnetic scattering characteristics
of cavity-backed apertures[Reddy, Deshpande, Cockrell,
and Beck (1995)]. FEM is used in the cavity volume to
compute the electric field, whereasMoM is used to com-
pute the magnetic current at the aperture. This method
results in a partly sparse and partly dense complex ma-
trix system of equations. Instead of computing RCS at
each frequency, MBPE is used to accelerate RCS calcu-
lations with fine frequency increments.

As an example, a square cavity in an infinite ground
plane is considered (Cavity depth is 2cm and aperture
sizeis 1cmX1cm). Backscattering calculations are done
for normal incidence of the plane wave. Figure 4 shows
RCS of the cavity over the frequency range calculated
using the Taylor series (equation (12)) for Eg polarized
incident wave. Taylor series moments are calculated at
20GHz. Figure 5 shows RCS calculations using one-
frequency MBPE (or AWE with Padé approximation). It
can be seen from Figure 4 that Taylor series expansion
gives good results over 18GHz to 22GHz. Beyond this
frequency range, there is no improvement in accuracy,
even by adding more terms to the Taylor series. How-
ever, Figure 5 indicates that MBPE (or AWE) with ra-
tional function approximation gave good results over the
frequency range 15GHz to 25GHz with L=5 and M=5,
and good convergence is observed as the orders of nu-
merator and denominator polynomialsincrease.

3.3 Application of MBPE to Hybrid MoM/PO tech-
nique

Despite of the innovative fast agorithms for integral
equation [Chew, Jin, Michielssen, and Song (2001)] and
differential equation techniques, characterizing electri-
cally large objects requires hybridization with high fre-
guency techniquessuch as Physical Optics (PO) [Jakobus
and Landstorfer (1995)]. Efficient implementation of hy-
brid MoM/PO technique requires an iterative process to
compute the RCS of electrically large objects. Despite
the hybridization, multi angular calculations for monos-
tatic RCS are prohibitive due to excessive CPU require-
ments. MBPE is applied to the hybrid MoM/PO tech-
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Figure4: RCScalculationsof an air-filled square cavity-
backed aperture using Taylor series approximation ap-
plied to hybrid FEM/MoM technique.
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Figure5: RCScalculationsof an air-filled square cavity-
backed aperture using one-frequency MBPE (AWE) ap-
proximation applied to hybrid FEM/MoM technique.

nique for fast multi-angular monostatic RCS calcula-
tions.

A rational function of polynomialsisconstructed asfunc-
tion of angle.

_ R
Qm (@)

where P (@) and Qu (@) are polynomial functions of or-
der L and M, respectively. MBPE calculationsare carried
out for a trihedral geometry (Figure 6, EMCC bench-
mark [Greenwood (2001)]) at 3GHz with Eg incidence
at 6=80° (10° elevation above grazing).

The MBPE representation was used from @=0° to 22°

x(®)

(16)

cmes, vol.5, no.5, pp.455-462, 2004

Number

L LG0RG, 0.2032)

b, 0.2032)

/E : ! 1
é i eross-pol ... .|
?}'J/ H H H H
a : # Discrete Calculation
s U Y S S S SOV T B MBPE
""""" Window2 7T

2 4 B g 10 12 14 16 = 20 22

(a)
20 T T T T T T T T T T
i co-pol
I N S S S R g e Saa S |
MRV S g e g
= PSS . cross-pol ... (— _
g TR T T
i '\5 Jr”( @ Discrete Calculatiuni
(] E o
R }J —____ MBPE | __ |
| ’
-40 H Single window
- I S S S SN S N R R
o 2 4 & =8 10 12 14 18 18 20 22
t(degs) @ & =80°
(b)

Figure 7 : Monostatic RCS calculations of the trihedron
geometry using MBPE applied to hybrid MoM/PO tech-
nique.

(Figure 7) using discrete calculations at 1° increments.
In Figure 7(a) a model with L=5 and M=4 was applied
in the 0° to 11° window (window 1) and another model
with L=5and M=4 was applied in the 11° to 22° window
(window 2) using 10 discrete solution vectors for each
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window. Also amaodel with L=10 and M=9 between 0° to
22° was constructed (Figure 6b). It can be seen that both
models produceidentical results. With the MBPE model,
the monostatic RCS is computed at 0.1° increments and
by using L=5 and M=4 only 200secs was required to
compute the RCS values at all angles. Similarly, using
L=10 and M=9 it took only 221secs. However, direct
calculations (using hybrid MoM/PO technique) at 0.1°
intervals require 2,382hours on a single processor, that
isthe MBPE alowsin this case for a CPU reduction by
a factor of 4000 (3 orders of magnitude). It can also be
noted that discrete cal culation givesthefirst null for cross
polarization (Figure 7b) at 2°. However with MBPE, the
first null can be observed at 2.201°, i.e. more accurately.
Further, once the MBPE model is constructed, the RCS
valuesat even finer increments (0.01° for example) could
be computed with very little CPU time consumption.

Figure 8 shows monostatic RCS calculations for the tri-
hedron geometry for 0° to 90° azimuthal variation at
0=80° (10° depression angle). The discrete calculations
were performed at 2° interval, whereas MBPE calcula
tionswere done at 0.1° increments.
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Figure 8: Monostatic RCS calculations of the trihedron
geometry using MBPE at 3GHz.

4 Conclusions

The MBPE technique is applied to frequency domain
techniques, with an emphasis on hybrid methodsfor RCS

calculations. Multi-spectral and multi-angular responses
are computed using MBPE and compared with discrete
calculations. From the numerical examples presented in
this paper, the MBPE techniqueisfound essential for ef-
ficient multi-spectral and multi-angular calculations. Ba-
sically, once the MBPE model is constructed, calcula-
tions at finer increments can be calculated with a very
minimal cost. To be accurate a reliable error criterion
should be developed, which can be used to sample the
discrete points to apply MBPE model. Development of
such a sampling criterion will make MBPE a very pow-
erful tool for computational electromagnetics.

Acknowledgement:  This research was supported in
part by thethe U.S. Army Research Laboratory under the
contract DAAD17-02-C-0028. The views and conclu-
sions contained in this document/presentation are those
of the author and should not be interpreted as present-
ing the official policies or position, either expressed or
implied, of the U.S. Army Research Laboratory or the
U.S. Government unless so designated by other autho-
rized documents. Citation of the manufacturer’s or trade
names does not constitute an official endorsement or ap-
proval of the use thereof. The U.S. Government is autho-
rized to reproduce and distributereprintsfor Government
purposes notwithstanding any copyright notation hereon.

The author would like to acknowledge the Major Shared
Resource Center (MSRC) High Performance Computer
(HPC) resources used to carry out some of the calcula-
tions reported in this paper.

References

Chew, W. C.; Jin, J-M.; Michielssen, E.; Song, J.
(2001): Fast and efficient algorithms in computational
electromagnetics, Artech House, Boston.

Erdemli, Y. E.; Reddy, C. J.; Volakis, J. L. (1999):
AWE technique in frequency domain electromagnetics,
J. Electromagnetic Waves Appl., Vol. 13, pp. 359-378.
Gong, J.; Volakis, J. L. (1996): AWE implementation
for electromagnetic FEM analysis, Electronics Letters,
Vol.32, pp.2216-2217.

Greenwood, A. (2001): Electromagnetic code consor-
tium benchmarks, AFRL Technical Report, AFRL-DE-
TR-2001-1086.

Jakobus, U.; Landstorfer, F. M. (1995): Improved
PO-MM hybrid formulation for scattering from three—



462 Copyright (© 2004 Tech Science Press

dimensiona perfectly conducting bodies of arbitrary
shape, | EEE Transactionson Antennasand Propagation,
vol. 43, no. 2, pp. 162-169.

Jose, P; Kanapady, R.; Tamma, K. K. (2004): Trans-
form domain based hybrid element formulationsfor tran-
sient electromagnetic field computations, CMES. Com-
puter Modelingin Engineering & Sciences, val. 5, no. 5,
pp. 409-422.

Lee J-F.; Leg R.; Teixeira, F. (2004): Hierarchical vec-
tor finite elements with p-type non-overlapping Schwarz
method for modeling waveguide discontinuities CMES:
Computer Modeling in Engineering & Sciences, vol. 5,
no. 5, pp. 423-434.

Miller, E. K.; Mitschang, L.; Newman, E. H. (1992):
Computational Electromagnetics: Frequency domain
method of moments, |IEEE Press, New York.

Miller, E. K.; Burke, G. J. (1991): Using model-
based parameter estimation to increase the physical in-
terpretability and numerical efficiency of computational
electromagnetics. Computer Physics Communications,
vol.68, pp.43-75.

Pillage, L. T.; Rohrer, R. A. (1990): Asymptotic wave-
form evaluation for timing analysis, IEEE Trans. Com-
puter Aided Design, pp.352-366.

Reddy, C. J.; Deshpande, M. D.; Cockrell, C. R,;
Beck, F. B. (1995): Electromagnetic scattering analy-
sis of a three dimensional cavity backed aperture in an
infinite ground plane using a combined FEM/MoM ap-
proach, NASA Technical Paper 3544.

Reddy, C. J. (1998a): Application of Model Based Pa-
rameter Estimation for fast frequency response calcula
tions of input characteristics of cavity-backed aperture
antennas using hybrid FEM/MoM technique, NASA Con-
tractor Report-1998-206950.

Reddy, C. J. (1998b): Application of model based
parameter estimation for RCS frequency response cal-
culations using method of moments, NASA/CR-1998-
206951.

Reddy, C. J.; Cockrell, C. R.; Beck, F. B.; Bindig-
navale, S. Sancer, M. (1999): Fast computation of fre-
guency response using MBPE/AWE in conjunction with
SWITCH code, 1999 Electromagnetic Code Consortium
(EMCC) Meeting, Malibu CA, April 20-22.

Tang, T. K.; Nakhala, M. S,; Griffith, R. (1991): Anal-
ysis of lossy multiconductor transmission lines using the

cmes, vol.5, no.5, pp.455-462, 2004

asymptotic waveform evaluation technique, IEEE Trans.
Microwave Theory and Techniques, vol.39, pp.2107-
2116.

Volakis, J. L.; Chatterjee, A.; Kempd, L. C. (1998):
Finite Elelment Method for Electromagnetics, IEEE
Press, New York.



