
at f03 ¼ 2.44 GHz with 3-dB bandwidth of 130 MHz in range of

2380–2510 MHz. The insertion loss is 3.56 dB and return loss is

18.6 dB.

These results are in a good agreement with third band of

GSM too.

For better illustration, measurement results of three outputs

of fabricated triplexer are shown in Figure 12.

The isolation among the three passband is better than �50

dB, as shown in Figure 13.

5. CONCLUSIONS

A novel matching circuit is proposed, which is based on SIRs

with four different impedance characteristics. A triplexer

designed and fabricated, which is operating in three frequency

ranges in GSM by using these matching circuits.

The proposed matching circuit caused the insertion loss

of each filter to decrease greatly in addition to avoiding

power reflection to the input of the triplexer. Each filter of the

triplexer has several unwanted spurious resonances in the stop-

band. Using the proposed matching circuit improved spurious

resonances, which interfere the operation frequency bands in

GSM. The proposed triplexer is fabricated and carefully

examined.
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ABSTRACT: In this article we adopt the graphical processing units as
a low-cost and efficient solution of challenging electromagnetic
numerical problems. Based on the compute unified device architecture,

an optimized method of moments algorithm has been implemented
which adopts direct solvers based on LU decomposition. Numerical
results obtained on the practical case of a patch antenna analysis

demonstrate the high performance of the approach. VC 2010 Wiley

Periodicals, Inc. Microwave Opt Technol Lett 52:2568–2572, 2010;

View this article online at wileyonlinelibrary.com. DOI 10.1002/

mop.25534
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1. INTRODUCTION

The growing complexity of modern microwave circuits together

with the use of higher frequencies and of monolithic solutions

make unavoidable the use of accurate and efficient electromag-

netic (EM) simulation tools for the analysis and design of EM

structures.

In this context, a large number of numerical methods are avail-

able, each one being suited to solve a specific class of problems.

Among these, a key role is played by the method of

moments (MoM) technique [1–3]. MoM is a powerful approach

which transforms a problem described by integral-differential

equations into a linear system of algebraic equations. In con-

junction with iterative solvers such as GMRES [2] and fast ma-

trix-vector product techniques [1–3], MoM represents one of the

best suited techniques for analyzing complex EM structures.

Even with these advances, simulation of EM problems remains

in many cases a computationally demanding task.

Luckily, modern commodity computing machines offer a

huge computational power at a reasonable price. This is due to

the availability of the computational hardware of graphic chips,

known generically as graphical processing units (GPUs). Such

hardware is more and more exploitable, thanks to the recent

publication of software frameworks, such as CUDA [4], which

facilitate the implementation of applications running on GPU.

GPUs have already been experimented in computational EM.

Pioneer methods in this field were asymptotic methods such as

physical optics (PO) or geometric optics (GO) [5]. GPU-enabled
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parallel FDTD, also, has been widely proposed in both academic

papers [6] and commercial packages [7].

At our knowledge, few works propose MoM parallelization

on GPU hardware. Most of them [8–11] are devoted to the par-

allelization of the matrix solution via a conjugate gradient

method and/or to the parallelization of the matrix filling. We

propose, instead, a parallel implementation of MoM, based on

CUDA, which adopts direct methods to solve the linear system.

Referring to a microstrip patch antenna analysis, the high-effi-

ciency of our algorithm is proved on a very cheap GPU, compu-

tational times being about 14 times faster than the implementa-

tion using CPU.

The article is structured as follows. Section 2 gives some

background about GPU computing. Section 3 introduces the par-

allel MoM implementation. Section 4 proposes numerical

results. Finally, conclusions are drawn.

2. GPU BACKGROUND

In recent years GPUs have become increasingly attractive for

general purpose parallel computation. Parallel codes exploiting

GPU hardware may yield results equivalent to tens of traditional

CPUs at a fraction of the cost. This gap is going to increase,

because the ever-increasing requirements of video-game market

make the GPU rate of growth much higher than traditional

microprocessors [12]. Moreover, CPU hardware is optimized for

generic sequential codes, being mostly dedicated to noncomputa-

tional tasks, such as branching. GPU design, instead, is totally

devoted to the optimization of graphics operations, which are

parallel by nature. As a result, GPUs dedicate a greater number

of transistors to computation, thus achieving an enormous arith-

metic intensity.

To provide an idea of available resources, we observe that

recent GPUs may embed up to 60 streaming multiprocessors

(SM), each being able to execute up to 1024 concurrent threads.

The price of GPUs can be very low (a few hundreds of euros)

and still provide a huge processing power. For example, the

cheap off-the-shelf GPU we used for our tests contains four SM,

each equipped with eight processors, and supports up to 768

concurrent threads.

GPU huge computing capability is more and more attracting

software developers involved in diverse scientific areas. How-

ever, till a few years ago GPU programming was a very hard

task, as it required a deep knowledge of GPU architecture and

of graphics terms and models. Recently, NVIDIA has greatly

reduced the programmer’s burden by launching CUDA [4],

which includes C/Cþþ software development tools, function

libraries, and a hardware abstraction mechanism that hides the

GPU hardware from developers.

CUDA is constantly enriched with libraries and tools. Among

them, particularly appealing for MoM problems are the utilities

which facilitate the implementation of applications based on lin-

ear algebra calculations. For this purpose, the US-funded ‘‘Ma-

trix Algebra on GPU and Multicore Architectures’’ (MAGMA)

project, led by the linear algebra research groups at University

of Tennessee, UC Berkeley, and UC Denver, has recently

released the 0.2 version of the MAGMA library [13]. MAGMA

provides the acceleration of many well-known LAPACK rou-

tines, e.g., single and double precision LU, QR, and Cholesky

factorizations [14], on GPUs.

3. GPU-ENABLED MoM

MoM is a powerful procedure for the solution of a problem

described by integral-differential equations:

Lð/Þ ¼ g (1)

where L is a linear operator, / is the function to be determined

and g is the known excitation. According to MoM, the solution

of (1) consists of the following steps:

• Introduce a set of basis functions bnf gN1 and a set of test-

ing functions tnf gN1 ;
• Use the bnf gN1 to expand the unknown function:

/ ¼
XN
1

anbn )
XN
1

anLðbnÞ ¼ g; (2)

Figure 1 Generic planar problem analyzed in this paper

Figure 2 GPU-enabled MoM flowchart
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• Perform the inner product between tm and the right and

left side of (2):

XN
1

anhtm;LnðbnÞi ¼ htm; gi;m ¼ 1;…N (3)

where <a,b> is the inner product between a and b.

This way, MoM transforms (1) into a matrix equation to be

used to determine the unknown coefficient an. The choice of the

same functions for tests and expansion, i.e., bnf gN1� tnf gN1 , leads
to the Galerkin’s method.

In this article, MoM is used to solve in the spatial domain

the mixed potential integral equations (MPIE) [15–18]. More

specifically, we consider a generic planar structure (see Fig. 1);

the incident (Ei) and the scattered field (Es) satisfy the following

equation:

n� ½Ei þ Es� ¼ Zs½n� Js�;Es ¼ �jxA�r/ (4)

where Zs is the surface impedance and Js is the electric current

density; A and /, respectively the vector and the scalar poten-

tial. By introducing the Green’s functions G
A
and Gq, respec-

tively associated to the surface electric current density Js and

the surface electric charge qs, the following Fredholm integral

equation can be obtained:

n� EiðrÞ ¼ n� ZsJs � jx
Z
S

G
A
JsdS

0 þ r
Z
S

GqqsdS
0

� �
(5)

Galerkin’s MoM with roof-top functions is used to solve (5);

this way the following linear system is obtained:

Jxðx; yÞ ¼
P
n
IxnJxnðx; yÞ þ Jxsðx; yÞ

Jvðx; yÞ ¼
P
n
IynJynðx; yÞ þ Jysðx; yÞ ) ZI ¼ V (6)

Figure 4 Reflection coefficient calculated for the microstrip antenna

illustrated in Figure 3. Comparison between CUDA-based MoM and

ADS Momentum commerical full-wave simulator results

Figure 5 Execution times obtained by running the GPU-enabled MoM

and the sequential MoM for different matrix sizes

Figure 6 Speed-ups obtained for different matrix sizes

Figure 3 Microstrip patch antenna analyzed in section 4
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The generic coefficient Zij of the impedance matrix repre-

sents the tangential field generated by the j-th basis function and

weighted by the i-th test one. Each of these coefficients is given

by a fourfold integral. In the implemented MoM, by means of

an analytical preprocessing which exploits the circular symmetry

of G
A
and GA, this integration has been reduced to a quasi-1-D

integral [16–17].

Once the entries of the Z matrix have been calculated, in the

implemented code the solution of (6) proceeds by factoring it

into an LU decomposition and solving it for a given V.
The LU decomposition is carried out in parallel on the GPU

by invoking the MAGMA routine ‘‘magma_zgetrf’’ which per-

forms blocked LU decomposition on complex double precision

matrices (Fig. 2).

4. NUMERICAL RESULTS

The geometry of the analyzed problem is illustrated in Figure 3.

It is the edge-connected line-fed microstrip patch antenna ana-

lyzed in [18].

Simulations have been performed by partitioning the patch

into square cells; according to (6), the number of unknowns is

directly fixed by the cell dimension.

We started our analysis by comparing numerical results out-

putted by the GPU-enabled MoM code with those provided by a

well-known commercial full-wave simulator based on MoM,

i.e., the ADS-Momentum tool [19]. As shown in Figure 4, a per-

fect agreement is obtained, thus demonstrating the accuracy of

our approach. Furthermore, a good agreement can be also

observed by comparison of Figure 4 and the reflection coeffi-

cient reported in Figure 5 of [18].

These results have been obtained by setting the cell dimen-

sion to (0.35 � 0.35) mm2, corresponding to about 5000

unknowns.

Then, we compared execution times of the GPU-enabled

MoM with conventional MoM code written in C language. The

GPU-enabled MoM was tested on the CUDA-compatible NVI-

DIA GeForce 9500 GT GPGPU, featuring 32 streaming process-

ors and the global memory of 1GB. The CUDA driver 185.18,

optimized for Ubuntu 9.04, was used, and the GPU-MoM code

was compiled using CUDA version 2.2.

The code for the CPU was compiled by GCC Compiler 4.4.2

for Linux with the ‘‘-O3’’ option. Both in the CPU system and

in the CPU and GPU system, we used a PC equipped with

AMD Semprom 3400þ @ processor (1.8 GHz) with 1.0 GB

memory (DDR2-533) as the CPU and Ubuntu 9.04 as the Linux

operating system.

The tests have been performed on domains containing up to

7000 unknowns for 200 frequency iterations, achieving consider-

able speed-ups when compared to the sequential execution on

the host PC.

Figures 5 and 6 shows respectively the execution times and

the speed-ups obtained for different problem sizes. Figure 7,

instead, shows the computational performance obtained for the

different matrix sizes.

5. CONCLUSION

This article proposed an efficient MoM implementation on com-

modity graphics hardware. Graphics hardware was exploited by

taking advantage of CUDA programming environment. Based

on the proposed architecture, we implemented parallel MoM to

perform a microstrip patch antenna analysis.

The experiments evaluated the proposed implementation and

showed much faster computational times on the proposed archi-

tecture than on only CPU. Computing times are reduced more

than one order magnitude.
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ABSTRACT: Novel tri-band-whip antenna is investigated for 800/900

MHz bands digital and analog portable handheld radio application
including GPS (1575 MHz) band. The tri-band characteristics are
obtained by including two monopole elements with single feed point.

Prototype of the proposed antenna is presented and its detail experimental
analysis is described. Antenna parameters such as return loss, efficiency,
and radiation gain patterns are measured and compared for various

structures of the Whip antenna.VC 2010 Wiley Periodicals, Inc. Microwave

Opt Technol Lett 52:2572–2575, 2010; View this article online at

wileyonlinelibrary.com. DOI 10.1002/mop.25516

Key words: whip antenna; GPS; tri band; UHF; two-way radio;
monopole

1. INTRODUCTION

Recent advancement in personal communication system

demands multiband antenna which can be applicable for two

way communication including GPS tracking facilities. Most of

the researchers focused on internal multiband antenna design

some of the planar multiband antennas are shown in Refs. 1–4

while dual band helix antenna is described in Ref. 5.

This article presents tri-band whip antenna for UHF handheld

transceiver system that cover 800/900 MHz public safety and

commercial two way communication bands including GPS band.

800 MHz frequency band covers public safety and commercial

Figure 1 Proposed antenna: (a) design; (b) proto type with copper tap

over the antenna. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com]

TABLE 1 Sample Cross-Section Details

Sample M2 (mm) Copper Tap (CT) (mm2)

A 95 25 � 15

B 100

C 95 25 � 18

D 100

E 95 25 � 25

F 100

Figure 2 Return loss at 800/900 MHz and GPS bands. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com]

Figure 3 Horizontal efficiency at 800/900 MHz

Figure 4 Total efficiency at 800/900 MHz
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