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Abstract. A computationally efficient MoM-based frame-
work for broadband electromagnetic simulation of wire-grid
shielding structures is presented in the paper. Broadband
capability of the approach is attained through supporting
MoM by an adaptive frequency sweep combined with ratio-
nal interpolation of the observable implemented via Stoer-
Bulirsch algorithm. The performance increase is gained by
employing CUDA-enabled CPU+GPU co-processing. For
large-size problems exceeding the amount of memory avail-
able on the GPU device, a hybrid out-of-GPU memory LU
decomposition algorithm is employed. The demonstration
examples are provided to illustrate the the accuracy and high
efficiency of the approach.
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1. Introduction

The prediction of the performance of metallic shielding
structures is an important topic in electromagnetic (EM) en-
gineering especially in electromagnetic compatibility. The
general problem of the EM field penetration through three-
dimensional shields can only be solved by using numerical
techniques, and the availability of the relevant computation-
ally efficient tools is of continuing interest. In this paper,
the attention is focused on shielding structures in the form
of wire grids (meshes). The structures of this kind may
be found in a wide variety of practical situations ranging
from simple protective screens [1], [2] through convenient
models of equipment cabinets [3] up to complex double-
layer grid-like shields designed to reduce aggressive high-
intensity (EM) effects caused by lightning strikes [4], [5].
The most suitable approach to the analysis of spatial grid-
like structures composed of arbitrarily arranged conductors,
is the full-wave Method-of-Moments (MoM) formulated in
the frequency domain (FD). When a wide-band response
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of a structure is required, the MoM solution must be con-
structed repeatedly at many frequencies, and this can take
unacceptably long time. Thus, techniques to minimize the
computation time and reduce the overall computational cost
of broadband simulation are of continuing interest. Avail-
able approaches may be broadly classified as model-driven
methods and data-driven methods, respectively [6]. Model-
driven methods are mostly aimed towards reducing the system
model complexity, while preserving (to the possible extent)
their input-output behavior. Representative examples of the
approach are Model-Order Reduction (MOR) techniques re-
lying on Krylov subspace methods usually combined with
Lanczos or Arnoldi iteration [7], [8], and Asymptotic Wave-
form Evaluation (AWE) together with its extension to multi-
point expansion technique referred to as Complex Frequency
Hopping (CFH) [9-11]. In IE-MoM context, both MOR and
AWE require MoM-generated system matrix to construct the
reduced model or Padé-type rational approximation to the so-
lution of the integral equation, respectively. Incorporation of
the relevant procedures for computing the Krylov vectors or
successive derivatives of the system matrix, respectively, into
the existing MoM-based codes is not easy task, and usually
requires a large amount of programming work. Therefore,
alternate techniques that can be implemented without much
effort are highly desirable. The expected features can be as-
signed to data-driven methods utilizing only the input-output
data to construct an approximant to the system response. The
most representative examples of the data-driven approach are
the Cauchy method [12], [13] and the so-called Vector Fit-
ting (VF) [14]. The principal advantage of the approach is
that existing full-wave electromagnetic solvers can be used
without modifications.

In this paper, the data-driven approach is employed
to create a framework for fast full-wave wideband analysis
of wire-grid shielding structures. The framework is built
around a derivative-free version of the rational-interpolation
Cauchy method combined with a simple binary search (bi-
section) algorithm for adaptive frequency sampling (AFS)
over a broad frequency band [15]. The rational interpolation
is implemented implicitly via Stoer-Bulirsch (SB) algo-
rithm [16], [17]. The framework consists a highly optimized
in-house MoM-based solver implemented on heterogeneous
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CPU/GPU platform. The relevant implementation issues are
considered from the position of a user of a rather typical
low-cost PC-style multi-core CPU-based workstation with
a single GPU device. This perspective is justified by the
fact that such the platforms have recently gained popular-
ity in scientific computing as an inexpensive heterogeneous
massively parallel architecture available to the masses.

2. MoM Formulation

The approach employed in this study for analysis of
wire-grid structures adopts the frequency-domain mixed-
potential electric field integral equation (EFIE) formulation
developed in [18], [19] for electromagnetic scattering and ra-
diation by arbitrary configuration of conducting bodies and
wires. For completeness of presentation, the formulation is
briefly outlined here. For convenience, we start with a thin
perfectly conducting curved wire residing in a simple medium
(€, ) subject to an incident (impressed) electromagnetic field
(E/, H) (the time-harmonic dependence (exp (jwt?)) is as-
sumed and suppressed). The EFIE for the total axial current
I(/) on the wire follows directly from enforcing a boundary
condition that the axial component of the tangential electric
field vanishes on the surface of the wire, namely

(jwA +Vep)-1,=1; -E (1)

where conventional notation A for the magnetic vector po-
tential and ¢ for the electric scalar potential is employed, and
1; denotes the unit vector locally parallel to the wire axis. For
the wire approximated by a series of broken line segments,
the unknown current is expanded as a linear combination of
one-dimensional RWG-type triangle functions

N
1) = ) 1 T,(l) @)
n=1
with
1:—1 (L= la-D) /vy = Tyl ifl,.1 <1<,
To() = {1, (por = D/IWns1 = ¥als iy <1< Dy

0, otherwise
(3)

where [ and r; denote the arc length along the wire axis and
a position vector of the i-th point subdividing the wire into
segments, respectively. The EFIE-MoM procedure employ-
ing RWG functions for both expansion and testing leads to

the matrix equation
Z1=V “4)

where Z is an N X N MoM-generated dense system matrix
with complex entries given by (m,n =1,2,..., N)

Zmn = jw [An(rm—l/Z) (T — I'm—1/2)
+A (Cms1/2) - (T2 — T
+ ¢n(Cmr1/2) — Gn(Cm-172)  (5)

where A, (r) and ¢, (r) denote A and ¢ values, respectively,
from n-th basis function at the observation point specified by
r with

-1+ T Ty + Tt

2 2

The unknown current expansion coefficients constitute a col-
umn vector Inx;. The elements of the excitation vector
Vwnx1 are weighted averages of the incident electric field
over sub-domains occupied by weighting function, and can
be expressed as (m = 1,2,...,N)

Tm-1/2 = and Typ1p0 = (6)

Vin = Ei(rm—l/Z) . (rm - I'm—l/Z)

+E (Cma12) * @ms1j2 = ). (7)

The current expansion coefficients from the solution of (4)
introduced to (2) yield the approximate current distribution
on the structure, and all electromagnetic properties of this lat-
ter can be evaluated from this current in the usual way. The
overall procedure is readily extended to multi-wire structures
with wire junctions.

The system matrix Z in (4) frequency dependent and,
therefore, the matrix equation must be set up and then solved
repeatedly for each individual frequency, (f = w/2x), within
a set of discrete frequencies of concern. The equation (4) can
be solved by standard methods of linear algebra. In this paper,
only the LU decomposition is considered in CPU/GPU con-
text, since the technique is widely used in MoM simulations.

3. Adaptive Frequency Sampling

An adaptive frequency sampling (AFS) scheme em-
ployed in this study consists in performing repetitive bisection
of each of initially chosen frequency intervals until a specified
convergence criterion is met for the observable H(f). The
overall efficiency of sampling process is improved through
adaptive interpolation of H(f) by a rational function

PL(f) _ _Eiopif!
Om(f) 1+ qif7

fitting the support points { f;, H;; i =0, 1,2,..., N(= L+ M)}
selected in the interval halving process. The Ry s is
constructed implicitly via a recursive tabular Neville-type
algorithm developed by Stder and Bulirsch (SB), which
generates the so-called diagonal rational interpolant [16].
The AFS-SB process is controlled by error surrogates.
For this purpose, the two auxiliary fitting models, namely,
Rr-1,m+1 and Ry 41 pm—1 are constructed over the same set
of support points as that for Ry ». Then, the absolute
values of relative errors between Ry_j ps+1 and Ry s, and
Rr+1.m-1 and Ry p are calculated at the midpoint f,, of
a currently handled frequency subinterval. When one of
the errors (or both of them) exceed(s) the assumed con-
vergence tolerance, a new sample H,, is computed at f,
via MoM, the number of support points for the rational
fitting model is thus increased by one, and the bisection
process continues until the convergence criterion is met.

Rrm(f) =

®)
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4. Hybrid CPU/GPU Implementation

The implementation of the Method-of-Moments sup-
ported by AFS-SB algorithm as outlined in Sec. 2 and 3 has
two main components: 1) a block of procedures to perform
recursive bisection of the frequency subintervals, compute
the values of the rational fitting models at frequency nodes,
control the convergence error, and 2) MoM-based electro-
magnetic simulator (solver) providing numerically “exact”
values of the observable.

The main program loop is executed on the CPU host.
The host manages the AFS-SB algorithm, the GPU device
memory allocation, host-device data transfers, and invokes
the MoM solver. A noticeable feature of this latter is that
the two most computationally intensive phases of MoM, that
is, the assembly of the system matrix and the solution of
the matrix equation have been accelerated by employing the
GPU device. The CPU sequential procedures for comput-
ing the elements of the system matrix have been mapped to
parallel GPU platform as described in [20]. To enable the so-
Iution of relatively large-size problems with MoM-generated
matrix exceeding the amount of memory available on the de-
vice, a hybrid out-of-GPU memory CULA-panel-based LU
decomposition algorithm have been implemented [21]. The
algorithm proceeds iteratively with the following two distinct
phases: i) panel factorization, and ii) the update of the trail-
ing submatrix. The panel is factorized on the CPU, while the
update of the trailing submatrix is handled both on the CPU
and GPU using highly optimised MKL/CUDA kernels.

A flowchart shown in Fig. 1 explains how the CPU/GPU
computations are organized. The interested reader is referred
to [20], [21] and [23] for more details.
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Fig. 1. Flowchart for the GPU-accelerated version of the MoM.

5. Results

The methodology described in previous sections has
been implemented on the following two heterogeneous hard-
ware systems (platforms):

System A based on the Intel quad-core i7 3820 processor run-
ning at 3.6 GHz with 64 GB of main memory and equipped
with a single NVIDIA GTX 680 card with 4 GB of main
GPU memory running at 1006 MHz

System B based on the Intel eight-core Xeon E5-2630 pro-
cessor running at 1.8 GHz with 128 GB of main memory
having one Tesla K20Xm card with 5 GB of global memory
running at 732 MHz.

The software tools used on the CPU side were BLAS
from MKL 11.3 coming with the Intel Composer XE 2017
beta suite, and CULA R18 on the GPU side [24].

5.1 Performance of GPU-accelerated MoM

The Method-of-Moments solution to the integral equa-
tion involves three phases, namely, assemble of the system
matrix, calculation of the excitation vector, and solution of
the linear system. Except for a very small problems in terms
of the number of unknowns, the excitation-vector calculation
time is negligible compared to the execution times of remain-
ing two phases, and therefore is neglected in the performance
considerations.

As a starting point to exhibit the performance of the
hybrid CPU/GPU MoM implementation, graph on the top of
Fig. 2 shows how the MoM matrix-fill time, the linear system
solution time, and the combined (total) execution time depend
on the size N of the matrix for a four-core CPU implemen-
tation (system A). As expected, the linear system solution
time represents generally dominant portion of the total ex-
ecution time. A careful examination of the timing results
reveals that the time of the matrix-fill phase which is O(N 2)
prevails over the linear system solution time only for rather
small problems with N not exceeding about 3700. If the
matrix-fill routine is ported from CPU to GPU using CUDA,
and a GPU-accelerated version of LAPACK zgesv () routine
from CULA Tools is used for solving the linear system, the
timing data for the two solution phases changes as displayed
on the center graph in Fig. 2.

To get more detailed insight into the GPU accelera-
tion effects, the measured speedup defined as a quotient of
the CPU and GPU runtimes is given on the bottom graph.
The shaded area indicates regions where matrices fit GPU
memory and can thus be solved using CULA. As can be
seen from the relevant curves the matrix-fill process is about
5.9 times faster on the GPU than on the CPU. For larger
matrices (N > 9200), the matrix-assembly time drops below
10 % of the combined runtime, and becomes insignificant
compared to the linear-system solution time as the problem
size increases. The results clearly indicate that even with an
inexpensive consumer graphics card (GTX 680), the speedup
of about 5.9%, 1.6x and 1.75X can be achieved for the fill,



632 A. KARWOWSKI, A. NOGA, T. TOPA, AN EFFICIENT FRAMEWORK FOR ANALYSIS OF WIRE-GRID SHIELDING ...
is considered. The LPS serving as a building shielding struc-
7000 — . . .
Z matrix fill ----- ture from the lightning electromagnetic pulse (LEMP) effects
Solution —-—-— . .
6000 | Total A has the form of a grounded wire-mesh cage (see Fig. 3a).
o The perfectly electrically conducting (PEC) ground plane is
5000 . .
2 assumed and taken into account by the method of images.
F 4000 / The dimensions of the building are (length x width x height)
g /7 40x40x10m [25]. The LPS is assumed to be made of per-
£ 3000 4 ; , . ,
/ fectly conducting wires of radius 4 mm forming a square mesh
2000 7 with width 1 m. For readability, a coarse mesh is shown in
il Fig. 3a. Itis assumed that the lightning strikes a corner of the
1000 s o ) . .
=] building, and the lightning channel is represented by a ver-
0 N tical lossy monopole antenna with distributed loading [26].
1024 9216 17408 25600 33792 41984 50176 58368 . . .
matrix size To be specific, the monopole of the height 2 km and radius of
4000 — 5 cm is uniformly loaded with series inductance of 4.5 yuH/m
Z matrix fill ----- . . . .
3500 - Solution ——— and series resistance of 1 /m [25]. The antenna is fed at its
Total / b .
/ ase by a delta-gap unit-voltage source.
3000 #
2500 / The knowledge of currents and voltages induced in elec-
D _/ trical circuits inside a protected volume is crucial for the de-
g 2000 sign of LPS. To mimic the situation of interest, a large loop
~ 1500 formed by two horizontal parallel wires of radius 0.89 mm
1000 / placed at the distance of 2 m with the lower wire laid at height
4
// of 0.5 m above the ground plane is placed in the volume pro-
500 // tected by the shield (see Fig. 3b, ¢). The length of each wire is
socss=somoococooonod 20V2 ~ 28.3m. The loop is short-circuited at one end while
1024 9216 17408 2;6;(;)( 2;192 41984 50176 58308 the other end is loaded by a lumped resistance R = 30 Q2 and

6x

5x

4x

3x

speedup

2x

1x Z matrix il ————= 1
Solution —-—-—

__Total

17408 25600 33792 41984 50176 58368
matrix size

1024 9216

Fig. 2. System A: measured matrix-assembly (fill) time, linear-
system solution time, and the combined runtime against
matrix size for reference four-core CPU implementa-
tion (top), four-core/single-GPU GTX680 implementa-
tion (center), and resulting speedup for GPU-accelerated
implementation (bottom).

solution and total execution times, respectively. This is
particularly worth noting for large problems exceeding the
amount of memory available on the device.

For system B, the speedup curves remain constant for
problem size N > 11000, and the speedup figures are about
4.4x, 3.6x and 3.7x for the fill, solution and total times,
respectively.

5.2 Wire-grid Shields

To demonstrate the potential and efficiency of the pro-
posed approach in solving practically-oriented problems,
a lightning protection system (LPS) directly hit by lightning

grounded below the resistor. The entire structure (LPS, light-
ning channel, loop) is discretized into linear segments of 1 m
in length. The total number of wire segments is 8371, and
the number of unknowns (basis functions) associated with
the structure is 11571. Within the study aimed at predicting
the electromagnetic environment in a volume protected by
the wire-grid LPS, a partial goal has been to determine the
absolute value of the loop current/current transmittance

[ )|
[t G
where [ is the current flowing through the 30 Q resistance

and I, is the current at the lightning channel base, that is, at
the feed-point of the equivalent monopole antenna.

Ty (jw) = (€))

Figure 4 shows the requested transmittance in the fre-
quency range from 1 kHz to 20 MHz. The results provided by
GPU-accelerated MoM combined with AFS-SB frequency
sweep (MoM-SB/GPU) are compared in the Figure with
those obtained from a commercial full-wave electromag-
netic simulator FEKO [28]. For readability, the transmit-
tance is presented in linear and logarithmic scales. As can
be seen, the two sets of data compare favourably. The AFS-
SB MoM computations were performed for the frequency
range from 1 kHz to 20001 kHz with the initial frequency step
Af = 1 MHz and the convergence tolerance 6 = 1 %. The al-
gorithm generated 107 non-uniformly spaced frequency sam-
ples of 77 (jw) with the frequency step locally decreased to
15.625 kHz. To achieve the same convergence level with uni-
form sampling, 1281 samples taken with the frequency step
of 15.625kHz would be required. Hence, a noticeable re-
duction of the number of samples is achieved due to adaptive
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Fig. 3. Model of the LPS hit by lightning (a) and arrangement
of protected circuit (b, c).
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sampling. The total execution time required for the recon-

struction of the transmittance 77 (jw) was about 80 min for
the system A, and 18 min for the system B.
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Fig. 5. Wire-grid cage shield with slit.

The next demonstration example consists in evaluating
the electric field shielding efficiency (SE) of a wire-cage
shield with a slit. The dimensions of the cage shown in Fig. 5
are 0.16m x 0.2m x 0.2m. The radius of perfectly electri-
cally conducting grid wires is 0.5 mm, and the width of a
square grid is 0.5 cm. A slit of 10 cm wide and 2 cm high is
located on one side of the cage (see Fig. 5). The cage consists
of 16504 wire segments and the total number of unknowns
associated with it is 24744. The cage is assumed to be illu-
minated by a vertically polarized plane electromagnetic wave
of a unit electric field intensity (E' =1 V/m) incident from the
direction specified by spherical angles 8 = 90° and ¢ = 0°.

Figure 6 shows the shielding efficiency of the cage
with slit computed for the dominant component of the elec-
tric field E, at the center of the cage, i.e., at the point
(x,y,z) = (0,0,0.1) m. The computations were performed
for the frequency range from 10 MHz to 4000 MHz with
the initial frequency step Af = 210MHz and the conver-
gence tolerance 6 = 1%. For the investigated structure,
the AFS-SB algorithm generated 72 non-uniformly spaced
frequency samples of SE with the frequency step locally
decreased to 13.125 MHz. Using these samples as support
points, the SE values were calculated every 13.125 MHz in
the frequency range of interest employing the rational inter-
polant. To validate the MoM-SB/GPU results, FEKO was
launched for the selected frequency testing points and both
sets of data are shown shown in Fig. 6 for comparison. Again,
the MoM-SB/GPU results and FEKO results compare very
well. The total execution time needed to compute 72 sam-
ples required for rational interpolation of SE frequency run
is about 6 h and 1 h 20 min for systems A and B, respectively.
Achieving the same convergence level for approach employ-
ing uniform sampling would require 305 samples taken with
the frequency spacing of 13.125 MHz. The efect of reduc-
ing the number of the required EM simulations is backed
up within the considered framework by another effect, i.e.,
hardware acceleration.
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Fig. 6. Shielding efficiency of the cage sketched in Fig. 5.

The last and most challenging example involves a wire-
cage shield with rectangular aperture. Inside the cage, there
is a wire (having a radius of 0.89 mm) running along the
cage length. The wire is placed 6 cm above the bottom of
the cage and midway between its sides and is terminated at
both ends with 50 Q loads (see Fig. 7a) [27]. The dimensions
of the cage are 0.36 m x 0.4 m x 0.6 m, and its square mesh
(Icm x 1cm) is assumed to be made of perfectly conduct-
ing wire segments having a radius of 1 mm. The aperture
of 12cm wide and 5cm high is located on the top of the
cage and placed at the distance of 3 cm from the edge (see
Fig. 7b). The model consists of 23898 wire segments and
the total number of unknowns associated with the model is
35877. The structure is illuminated by a vertically polarized
plane electromagnetic wave of a unit electric field intensity
(E = 1V/m) incident from the direction specified by spher-
ical angles 6 = 45° and ¢ = 45°, and the task is to find the
induced signal on the load placed at (x, y, z) = 0.18 m, 0.4 m,
0.06 m over a decade frequency bandwidth from 200 MHz to
2000 MHz.

Figure 8 shows the requested frequency response in
terms of the current magnitude in the load. Since the re-
sponse exhibits sharp resonant peaks due to resonances of
the cavity and wire, the frequency range from 1200 MHz to
1400 MHz is enlarged in Fig. 9 and the current amplitude
and phase are shown separately. As can be seen from the
Figure, the waveforms obtained via AFS-SB MoM approach
agree very well with the reference data from FEKO. Sharp
peaks in the frequency response are captured and resolved.
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Fig. 7. Wire-grid cage with slit and wire midway between the
sides (a), top view of the cage with slit arrangement (b).
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Fig. 8. Amplitude of the current response of cavity with rectan-
gular aperture.

The frequency response over a frequency bandwidth from
200 MHz to 2000 MHz was computed from 150 frequency
samples generated by AFS-SB algorithm with the conver-
gence parameter 6 = 1 %. The samples were spaced non-
uniformly with the frequency step varying between the initial
step of 200 MHz and 390.625 kHz. The total wall-clock sim-
ulation times are about 34 h 4 min and 7 h 25 min for systems
A and B, respectively.

6. Conclusion

The computationally efficient MoM-based framework
for broadband EM simulation of wire-grid shielding struc-
tures has been demonstrated in the paper. Broadband capa-
bility of the approach is attained through supporting MoM
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Fig. 9. Amplitude and phase of the current response of cav-
ity with rectangular aperture for frequency band 1200—
1400 MHz.

by a simple binary search procedure combined with rational
interpolation of the observable implemented through Stder -
Bulirsch algorithm. This latter provides indirectly a single
high-order diagonal rational interpolant over the whole fre-
quency band of interest. The method offers a possibility of
controlling a priori the convergence tolerance level and thus
the accuracy of final results. As the data-driven technique,
the AFS-SB algorithms can be easily interfaced with existing
frequency-domain simulators. The significant performance
increase of the whole application is gained by employing
CUDA-enabled CPU+GPU co-processing, that is, by port-
ing computationally intensive parts of the relevant code onto
the GPU. The use of a hybrid out-of-GPU memory panel-
based LU decomposition algorithm offers the LU decompo-
sition capability to matrices whose size is limited only by the
amount of memory (RAM) available on the host. The over-
all approach presented in this paper constitutes an example
of the integration of the advanced computational electromag-
netics techniques with modern architecture of a rather typical
low-cost PC-style workstation for the purpose of increasing
efficiency of the application-oriented EM simulator.

Acknowledgments

This work was supported by the Polish Ministry of Sci-
ence and Higher Education funding for statutory activities
(BK-220/RAu-3/2016). The calculations were partially car-

ried out using IT infrastructure provided by the GeCONil
project (POIG.02.03.01-24-099/13)

References

[1] CASEY, K. F. Electromagnetic shielding behavior of wire-mesh
screens. [EEE Transactions on Electromagnetic Compatibility,
Aug. 1988, vol. 30, no. 3, p. 298-306. DOI: 10.1109/15.3309

[2] MARIANIPRIMIANIL, V., MOGLIE, F., PASTORE A. P. Field pene-
tration through a wire mesh screen excited by a reverberation chamber
field: FDTD analysis and experiments. IEEE Transactions on Elec-
tromagnetic Compatibility, Nov. 2009, vol. 51, no. 4, p. 883-891.
DOI: 10.1109/TEMC.2009.2032650

[3] ISHIKAWA, R., AMEMIYA, F., NAKASHIO, N., et al. Method
of evaluating shielding effect for electronic equipment case us-
ing wire grid model and radiation source from 1GHz to3 GHz.
In Proceedings of the IEEE International Symposium on Elec-
tromagnetic Compatibility. Portland (USA), 2006, p. 133-138.
DOI: 10.1109/ISEMC.2006.1706279

[4] METWALLY, L. A., HEIDLER, F. H. Reduction of lightning-induced
magnetic fields and voltages inside struck double-layer grid-like
shields. IEEE Transactions on Electromagnetic Compatibility, Nov.
2008, vol. 50, no. 4, p. 905-912. DOI: 10.1109/TEMC.2008.2002575

[S] METWALLY, I. A., ZISCHANK, W. J., HEIDLER, F. H. Measure-
ment of magnetic fields inside single- and double-layer reinforced
concrete buildings during simulated lightning currents. /EEE Trans-
actions on Electromagnetic Compatibility, May 2004, vol. 46, no. 2,
p. 208-221. DOI: 10.1109/TEMC.2004.826894

[6] ANTONINI, G., DESCHRIJVER D., DHAENE, T. Broadband ra-
tional macromodeling based on the adaptive frequency sampling
algorithm and the partial element equivalent circuit method. /IEEE
Transactions on Electromagnetic Compatibility, 2008, vol. 50, no. 1,
p. 128-137. DOI: 10.1109/TEMC.2007.913225

[7] DATTA, B. N. Applied and Computational Control, Signals, and
Circuits. 1st ed. Boston (USA): Springer Science, 1999. (Chapter 9:
Reduced-order modeling techniques based on Krylov subspaces and
their use in circuit simulation.) ISBN: 978-0-8176-3954-9

[8] ANDERSON, B., BRACKEN, J. E., MANGES, J. B., et al. Full-
wave analysis in SPICE via model-order reduction. /EEE Transac-
tions on Microwave Theory and Techniques, Sep. 2004, vol. 52, no. 9,
p. 2314-2320. DOTI: 10.1109/TMTT.2004.834569

[9] CHIPROUT, E., NAKHLA, M. S. Asymptotic Waveform Evaluation
and Moment Matching for Interconnect Analysis. Norwell (USA):
Kluwer, 1994. ISBN: 978-0-7923-9413-6

[10] CHIPROUT, E., NAKHLA, M. S. Analysis of interconnect net-
works using complex frequency hopping (CFH). IEEE Transacions
on Computer-Aided Design of Integrated Circuits and Systems, 1995,
vol. 14, no. 2, p. 186-200. DOI: 10.1109/43.370425

[11] CHEW,W.C.,JIN,J.-M., MICHIELSSEN, E., et al. Fast and Efficient
Algorithms in Computational Electromagnetics. Norwood (USA):
Artech House, 2001. ISBN: 1580531520

[12] DHAENE, T., UREEL, J., FACHE, N., et al. Adaptive frequency
sampling algorithm for fast and accurate S-parameter modeling of
general planar structures. In Proceedings of the IEEE MTT-S Inter-
national Microwave Symposium Digest. Orlando (USA), May 1995,
vol. 3, p. 1427-1430. DOI: 10.1109/MWSYM.1995.406240

[13] ADVE,R.S., SARKAR, T. K., RAO, S. M,, et al. Application of the
Cauchy method for extrapolating/interpolating narrowband system
responses. [EEE Transactions on Microwave Theory and Techniques,
1997, vol. 45, no. 5, p. 837-845. DOI: 10.1109/22.575608



636

A. KARWOWSKI, A. NOGA, T. TOPA, AN EFFICIENT FRAMEWORK FOR ANALYSIS OF WIRE-GRID SHIELDING ...

[14]

[15]

[16]

(17]

[18]

(19]

[20]

[21]

[22]

[23]

[24]

[25]

GUSTAVSEN, B., SEMLYEN, A. Rational approximation of
frequency domain responses by vector fitting. IEEE Trans-
actions on Power Delivery, 1999, vol. 14, p. 1052-1061.
DOI: 10.1109/61.772353

KARWOWSKI, A. Efficient wide-band interpolation of MoM-
derived frequency responses using Stoer-Bulirsch algorithm.
In Proceedings of the IEEE International Symposium on Elec-
tromagnetic Compatibility. Austin (USA), 2009, p. 249-252.
DOLI: 10.1109/ISEMC.2009.5284600

STOER, J., BULIRSCH, R. Introduction to Numerical Analysis.
2nd ed. New York (USA): Springer-Verlag, 1980. ISBN: 0-387-
97878-X

DING, Y., WU, K. L., FANG, D. G. A broad-band adaptive
frequency sampling approach for microwave circuit EM simula-
tion exploiting Stder-Bulirsch algorithm. IEEE Transactions on Mi-
crowave Theory and Techniques, 2003, vol. 51, no. 3, p. 928-934.
DOI: 10.1109/TMTT.2003.808694

RAO, S. M., WILTON, D. R., GLISSON, A. W. Electromag-
netic scattering by surfaces of arbitrary shape. IEEE Transac-
tions on Antennas Propagation, 1982, vol. 30, p. 409-418.
DOLI: 10.1109/TAP.1982.1142818

HWU, S. U,WILTON, D. R. Electromagnetic Scattering and Radi-
ation by Arbitrary Configurations of Conducting Bodies and Wires.
Tech. Doc. 1325, University of Houston, 1988.

TOPA, T., KARWOWSKI, A., NOGA, A. Using GPU with CUDA to
accelerate MoM-based electromagnetic simulation of wire-grid mod-
els. IEEE Antennas and Wireless Propagation Letters, 2011, vol. 10,
p. 342-345. DOI: 10.1109/LAWP.2011.2144557

TOPA, T. Efficient out-of-GPU memory strategies for solving matrix
equation generated by method of moments. Electronics Letters, 2015,
vol. 51, no. 19, p. 1542-1543. DOI: 10.1049/e1.2015.2175

KURZAK,J., BADER, D. A., DONGARRA, J. Scientific Computing
with Multicore and Accelerators. Florida (USA): CRC Press, 2011.
ISBN: 9781439825365

TOPA, T. Load balanced Fortran-based out-of-GPU mem-
ory implementation of the method of moments. [EEE An-
tennas and Wireless Propagation Letters, 2016, (in press).
DOI: 10.1109/LAWP.2016.2605042

EMPHOTONICS. CULA Tools — GPU Accelerated LAPACK. [On-
line] Cited: 2016-10-29. Available at: http://www.culatools.com/

ANISEROWICZ, K., MAKSIMOWICZ, T. Comparison of lightning-
induced current simulations in the time and frequency domains
using different computer codes. IEEE Transactions on Elec-
tromagnetic Compatibility, 2011, vol. 53, no. 2, p. 446-461.
DOI: 10.1109/TEMC.2010.2076338

[26] BONYADI-RAM, S., MOINI, R., SADEGHI, S. H. H., et al.
On representation of lightning return stroke as a lossy monopole
antenna with inductive loading. [EEE Transactions on Elec-
tromagnetic Compatibility, 2008, vol. 50, no. 1, p. 118-127.
DOI: 10.1109/TEMC.2007.913221

[27] DUFFY, A. P., BENSON, T. M., CHRISTOPOULOS, C. Propaga-

tion along a wire placed inside a cavity with an aperture: A compar-
ison of measurements and transmission-line modeling (TLM). IEEE
Transactions on Electromagnetic Compatibility, 1994, vol. 36, no. 2,
p. 144-146. DOI: 10.1109/15.293275

[28] ALTAIR ENGINEERING, INC. FEKO: A Comprehensive Electro-

magnetic Simulaiton Tool. Available at: https://www.feko.info

About the Authors...

Andrzej KARWOWSKI received his Ph.D. and D.Sc. de-
grees from the Wroclaw University of Technology (WUT),
Wroclaw, Poland, in 1976 and 1984, respectively. Since
1987, he has been with the Faculty of Automatic Control,
Electronics and Computer Science, Silesian University of
Technology (SUT), Gliwice, Poland, where he now holds
a position of a Professor. His research interests are mainly in
antennas, EMC, transmission lines with emphasis on devel-
opment and application of relevant CEM methods and tools.
He was the Founder of the Polish IEEE EMC Society Chapter
and its first Chairperson. From 2010 to 2015 he served the
European EMC community as a Member of the International
Steering Committee EMC Europe.

Artur NOGA received his M.Sc. and Ph.D. degrees in elec-
trical engineering from the Silesian University of Technol-
ogy, Gliwice, Poland, in 2002 and 2007, respectively. His
professional interests are primarily in computational elec-
tromagnetics with applications in the field of antennas and
electromagnetic compatibility.

Tomasz TOPA received his M.Sc. and Ph.D. degrees in
electrical engineering from the Silesian University of Tech-
nology, Gliwice, Poland, in 2002 and 2007, respectively. His
professional interests are primarily in numerical simulation
of electromagnetic fields with particular emphasis on parallel
computing, high-performance computing, CPU-GPU hybrid
and cooperative computing and multicore computing. com-
patibility.



