
The delay time of the optical command and the pulses width

can be chosen in our PCS electrical model. The pulses width

has been selected from 1 to 140 ps. The first PCS has been bi-

ased at 1.5 V and the second one at �1.5 V. The peak value of

the photogenerated pulses depends on photoconductivity through

carrier lifetime. The pulses peak voltage varies between 10 and

164 mV for an average optical power of 60 mW.

Simulation results of this topology are represented in Figure

6 for a repetition time of 2 ns corresponding to the parameters

of the previous source laser. The energy of this signal is focused

in the frequency band 3–12 GHz and can be shifted by pulses

duration and the second impulse time delay. For these results,

the delay time has been considered at the extremity of the first

impulse. Then, the increase of the pulses FWHM by adjusting

carrier lifetime induces the reduction of spectrum bandwidth.

The dashed curve is obtained for total monocycle impulse dura-

tion of 160 ps and the continued curve for a total time of 130

ps. Such electrical pulses can be generated with PCS on LT-

GaAs substrate with carrier lifetime of 10th picosecond. The

photogenerated pulses bandwidth at �10 dB is higher than the

required FCC emission limit. To delete the unwanted extremity

band power, an emission antenna is used as a specific filter.

5. CONCLUSIONS

A UWB signal generation method exploiting a photoconductive

effect on GaAs semiconductor is presented. The base device

consists of a transmission line discontinuity where illuminated

by optical pulsed command induces electrical pulses generation.

Measurement results of TX/RX system with a PCS on LT-GaAs

and GaAs substrates have been shown the ability of a broadband

signal generation by optical pulses. A UWB antenna on alumina

substrate has been first designed for this demonstration and will

be optimized for the future system integration. The combination

of positive and negative pulses demonstrates the generation abil-

ity of UWB signal. The same optical pulsed command is applied

on the PCSs with an appropriate delay. For the emission bloc,

the integrated antenna is used as a filter to select the radiated

power to comply with FCC emission limit mask.
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ABSTRACT: The analysis of electromagnetic scattering by the method

of moments (MoM) leads to integral equations with singularities in their
kernels. In this work, a numerical study of a particular technique for the
extraction of those singularities arising in the analysis of the scattering

from conducting and dielectric bodies of revolution (BOR), particularly
spheres and cylinders is conducted. It is demonstrated that when the
singularity extraction is applied, the numerical solution converges for a

two-point Gaussian quadrature. It is also shown that the MoM matrix
condition number is affected by the number of segments used to describe

the BOR generatrix and this influence depends on the behavior of the
surface current distribution. VC 2012 Wiley Periodicals, Inc. Microwave

Opt Technol Lett 54:2543–2548, 2012; View this article online at

wileyonlinelibrary.com. DOI 10.1002/mop.27160

Key words: method of moments; electric and magnetic field integral
equations; integral singularities; condition number and bodies of revolution

1. INTRODUCTION

The numerical simulation of electromagnetic scattering from

homogeneous and composite bodies has been thoroughly investi-

gated due to its application in different areas of engineering. For

bodies of revolution (BOR), the problem is reduced to a two-

dimensional one, resulting in significant savings of computation

time and memory storage. Conducting and composite BORs

Figure 6 Normalized spectrum of the signal generated with two PCSs

having different carrier lifetime
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have been investigated in Refs. 1–4, where surface integral

equations are numerically evaluated by the method of moments

(MoM). However, the integrals involved are often singular and

require special considerations for their numerical evaluation.

These singularities occur in the kernels of self-terms, where test-

ing and source subdomains coincide [1].

In this context, the choice of suitable basis functions to rep-

resent the equivalent surface current distribution, the numerical

evaluation of singular integrals, and efficient algorithms for the

linear-system solution are fundamental to obtain accuracy and

convergence from the MoM analysis. However, the numerical

evaluation of singularities arising in the integral kernels is not a

simple task. In Ref. 5, the authors used the FFT technique to

enhance the computational efficiency of the MoM analysis.

Werner [6] derived an exact integration procedure for thin circu-

lar loop antennas and used the same procedure to analyze a

moderately thick cylindrical wire antenna [7]. In Refs. 1 and 8,

robust singularity extraction techniques were presented for the

analysis of conducting BORs. In Refs. 9 and 10, the singularity

extraction presented in Ref. 1 was extended to handle triangular

basis functions (TBFs) in a Galerkin scheme for the solution of

combinations of electric and magnetic field integral equations.

In the analysis of dielectric bodies, generally, the accuracy of

the MoM simulations deteriorates as the relative permittivity

increases. This problem can be partially overcome by increasing

the number of segments used to represent the BOR generatrix,

which should be made proportional to the dielectric constant. In

Ref. 11, triangular functions for both basis and testing functions

were used, represented by a series of pulses. It was observed

that, to attain certain accuracy, more pulses had to be used to

represent the triangular functions as the dielectric constant of

the BOR was increased. In some sense, this may lead to the per-

ception that accuracy increases with the number of quadrature

points used to evaluate the integrals.

In this work, a numerical study of a MoM implementation is

conducted with and without applying the singularity extraction

of Refs. 9 and 10. TBFs, defined over two consecutive segments

of a BOR generatrix, are used to represent the equivalent sur-

face currents in t̂ (along the BOR generatix) and /̂ directions to-

gether with a Galerkin technique. From the results, it is

observed that when the singularity extraction is applied the nu-

merical convergence is attained with a two-point Gaussian quad-

rature. Accuracy increases when more TBFs are used. It is also

verified that the MoM matrix condition number diminishes

when the extraction technique is applied and it is significantly

affected by the behavior of the equivalent current. For current

distributions with small oscillations, the condition number

increases significantly when more segments are used to represent

the BOR generatrix. For highly oscillatory currents, the increase

is less significant.

2. INTEGRAL EQUATION EVALUATION

In the MoM analysis of electromagnetic scattering, electric

(EFIE) and magnetic (MFIE) field integral equations can be

combined in many different ways [2–4]. The EFIE formulation

is the usual choice for open conducting shells [2]. For closed

conducting surfaces, the combined field integral equation

(CFIE), which is a linear combination of EFIE and MFIE,

avoids spurious resonances [2]. For dielectric bodies, EFIE and

MFIE can be linearly combined in several forms, where Müller

and PMCHW formulations are generally used for homogeneous

dielectric bodies [3]. For BORs, these formulations with the fol-

lowing equivalent surface current representation

Xðr0Þ ¼
X1

n¼�1

XNt

j¼1

IXt
jn

Tt
jðt0Þ
q0

t̂0 þ
XNu

j¼1

IXu
jn

Tu
j ðt0Þ
q0

; û0

" #
e�jnu0

; (1)

lead to integrals of the form [9]:

I ¼
Z 2p

/¼0

Z 1

a¼�1

Z 1

a0¼�1

ab

c

8>: 9>;F /ð Þ e�jkR

Rd
da0 da d/; (2)

where X represents either electric (J) or magnetic (M) equiva-

lent currents, Tt
j(t

0) and T/
j (t0) are the TBFs, Nt and N/ are the

number of TBFs, IXt
jn and IX/

jn are the unknown coefficients, the

terms e�jn/0
correspond to the Fourier expansion in /, and the

division by q0 prevents singularity problems at the symmetry

axis. In Eq. (2), R ¼ |r � r0| is the distance between source

and observation points; a is equal to 1, a0, or a02; b is equal to

1, a, or a2, c is equal to 1, q, q0, or qq0, and the exponent d ¼
1 or 3. The coordinates t and t0 measured along the BOR gen-

eratrix are parameterized in terms of a and a0.
The integral (2) cannot be analytically evaluated and has

removable singularities whenever the observation (field) point r

is very close to the source point r0. The concept adopted in

Refs. 1 and 9 to extract these singularities is to split the singular

integrands into two terms: one that is regular and can be

numerically evaluated (e.g., by a Gaussian quadrature) and

another that contains a removable singularity. Four different sit-

uations are evaluated in the following way [9]:

1. The source and field segments are far away from each

other: all integrals in Eq. (2) are regular and are numeri-

cally evaluated (e.g., by Gaussian quadratures).

2. The source and field segments are close to each other and

close to the symmetry axis: in this case, numerical evalua-

tion of the a0 integral may provide inaccurate results due

to the large variation of R in the limit u ! 0. So, the in-

tegral a0 in Eq. (2) is rewritten in a different format and

divided in two parts: one that is regular and evaluated by

Gaussian quadrature and another that contains a remov-

able singularity and can be integrated analytically. The

integrals a and u are numerically evaluated by Gaussian

quadratures.

3. The source and field segments are close to each other and

distant from the symmetry axis: in this situation, the u in-

tegral presents inaccuracy in the limit u ! 0 due to the

large values of q and q0. The strategy in this case is to

subtract from the integral u in Eq. (2) its approximation,

in the limit u ! 0, and lead the numerical evaluation.

Then, the analytical solution of the limiting approximation

is added. The integrals a and a0 are numerically evaluated

by Gaussian quadratures.

4. The source segment coincides with the field segment: the

integral (2) has singularities when a ! a0 and u ! 0. In

this case, a process similar that used in the situation 3 is

adopted.

3. NUMERICAL RESULTS

To evaluate the numerical convergence of the adopted singular-

ity extraction, the EFIE, CFIE, and Müller formulations were

solved in the analysis of a plane-wave scattering from spherical

and cylindrical bodies (Fig. 1). For spheres, the accuracy is veri-

fied against analytical solutions based on Mie series using the

total RMS error:
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ErrorRMSð%Þ ¼ EJt þ EJu þ EMt þ EMu
� �	

4; (3)

with EX representing a RMS error defined over all X currents:

EXð%Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN

m¼1

XMoM
m � X

Mie=CST
m

��� ���. X
Mie=CST
m

��� ���
 �2

vuut ; (4)

where X represents an electric (Jt or J/) or magnetic (Mt or M/)

surface current component with superscripts ‘‘MoM’’ and

‘‘Mie’’ denoting the numerical and analytical solutions, respec-

tively. For cylinders, numerical MoM results are compared with

those obtained by the CST
VC

software (XCST).

The first case study is a PEC sphere with radius equal to 1k0.

The analysis was conducted using the CFIE formulation [2].

Different numbers of segments per k0 (Seg/k0) were used to rep-

resent the sphere generatrix and, consequently, the basis and

testing functions subdomains. Over each segment, the regular

integrals in a and a0 of Eq. (2) were both evaluated using a

NIP-point Gaussian quadrature, with NIP varied from 1 to 10.

Singularities were removed by the extraction technique detailed

in Ref. 9. Figures 2(a) and 2(b) show the RMS error as function

of NIP with and without the singularity extraction, respectively.

When the extraction technique is not used, the integrals are

evaluated by Gaussian quadratures, where for coincident source

and field segments a0 NPI ¼ a NPI þ 1 to avoid singularity

problems. The RMS error convergence is attained with a two-

point Gaussian quadrature when the singularity extraction is

applied. Comparing Figures 2(a) and 2(b), it can be observed

that the singularity extraction significantly reduces the RMS

error, which diminishes when Seg/k0 is increased. Figure 2(c)

shows the MoM matrix condition number as function of NIP

using different numbers of Seg/k0 when the extraction technique

is used, where one observes that it is not significantly affected

by NIP. However, when the extraction technique is not used the

MoM matrix condition number decreases as NPI increases as

illustrated in Figure 2(d). From Figures 2(c) and 2(d), it can be

observed that when the extraction technique is used the MoM

matrix condition number decreases.

In this analysis, the surface current distribution has small

oscillations, as illustrated in Figure 3(a) (length S is measured

along the circular generatrix). So, as Seg/k0 increases the MoM

matrix condition number also increases, yielding an ill-condi-

tioned linear system, especially when the singularity extraction

is not applied, as suggested in Figure 2(d). This behavior can be

explained by the magnitude of the elements of a typical MoM

Figure 1 Plane-wave scattering from homogeneous: (a) sphere, (b)

conducting cylindrical shell, and (c) dielectric cylinder

Figure 2 PEC sphere: RMS error (a) with and (b) without singularity

extraction and MoM matrix condition number (c) with and (d) without

singularity extraction
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matrix, as illustrated in Figure 3(b) for NPI ¼ 5 and Seg/k0 ¼
30. The elements in the main diagonals of the submatrices

related to the t̂ and /̂-currents (i.e., elements associated with

singular points) have higher amplitudes, particularly those ele-

ments corresponding to generatrix segments close to the symme-

try axis. This is related to the division by q, q0, or qq0 in Eq.

(2). In these cases, the integrals in a and a0 are evaluated using

a singularity extraction technique or using more points in Gaus-

sian quadratures. When the extraction technique is not used, the

absolute values of these elements decrease as NIP increases, as

shown in Figure 3(c) with sum of the elements that intercept the

symmetry axis (SEIA) being the sum of absolute values of the

elements in the main diagonals of the MoM matrix correspond-

ing to segments that intercept the symmetry axis. As the abso-

lute values of these elements diminish, the MoM matrix

becomes better conditioned. SEIA increases with Seg/k0 as the

singularities become more severe. It is important to observe that

when singularity extraction is applied, the RMS error and the

MoM matrix condition number improve and converge is

achieved for NIP ¼ 2, independently from Seg/k0.

In the next case study, the plane-wave scattering from a

dielectric sphere with radius equal to 1k0 and relative permittiv-

ity er ¼ 5 was analyzed by Müller formulation [3]. From Figure

4(a), one observes that when singularity extraction is applied,

the RMS error does not vary significantly for NIP � 2, but it

does diminish significantly when Seg/k0 is increased. When sin-

gularity extraction is not applied, convergence is attained only

for large NIP values and small Seg/k0 values [Fig. 4(b)]. This

behavior is more evident for larger dielectric constants, as illus-

trated in Figure 5 for er ¼ 20. As in the first case study, the sin-

gularity extraction reduces the MoM matrix condition number,

which does not vary significantly for NIP � 2 [Figs. 4(c) and

4(d)]. For the dielectric sphere with er ¼ 5, the electric and

magnetic current distributions have a significant oscillatory

behavior, as illustrated in Figures 6(a) and 6(b). So, when Seg/

k0 increases, the linear system does not become so ill-condi-

tioned (the matrix determinant is not very small compared to the

matrix elements), as in the conducting sphere case. Then, for

this dielectric sphere, as Seg/k0 increases the increase of the

MoM matrix condition number is less significant.

The third case study is the plane-wave scattering from a cy-

lindrical shell as depicted in Figure 1(b). The analysis was con-

ducted using EFIE. The results presented in Figures 7(a)–7(d)

indicate that the current RMS error and the MoM matrix condi-

tion number have different values, but about the same behavior

with respect to NIP and Seg/k0 already observed for the

Figure 3 PEC sphere: (a) normalized electric current, (b) MoM ma-

trix elements (NPI ¼ 5 and Seg/k0 ¼ 30), and (c) SEIA

Figure 4 Dielectric sphere with er ¼ 5: RMS error (a) with and (b)

without singularity extraction and MoM matrix condition number (c)

with and (d) without singularity extraction

Figure 5 RMS error without singularity extraction for a dielectric

sphere with er ¼ 20
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conducting sphere (Fig. 2). However, in this case, no segments

intercept the symmetry axis, as the cylinder is an open shell. So,

the integrals with division by q, q0, or qq0 in Eq. (2) do not lead

to elements in the MoM matrix, corresponding to generatrix seg-

ments close to the symmetry axis, so larger. Then, when extrac-

tion is not used and NIP increases these integral are not consid-

erably improved and, consequently, the MoM matrix condition

number is not significantly modified. The equivalent surface cur-

rents obtained in this case study (NPI ¼ 2 and Seg/k0 ¼ 30) are

illustrated in Figure 8 together results obtained by CST
VC

soft-

ware, and one observes a good concordance between both

results.

The last case investigated is the plane-wave scattering from a

dielectric cylinder with er ¼ 2, as illustrated in Figure 1(c). The

analysis was conducted using Müller formulation [3]. The RMS

error and MoM matrix condition number are shown in Figure 9.

The equivalent surface currents are illustrated in Figures 10(a)

and 10(b) together with results obtained by the CST
VC

software.

Figure 6 Dielectric sphere with er ¼ 5: normalized (a) electric and

(b) magnetic currents

Figure 7 PEC cylinder: RMS error (a) with and (b) without singular-

ity extraction and MoM matrix condition number (c) with and (d) with-

out singularity extraction

Figure 8 PEC cylinder: normalized electric current

Figure 9 Dielectric cylinder with er ¼ 2: RMS error (a) with and (b)

without singularity extraction and MoM matrix condition number (c)

with and (d) without singularity extraction
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In this case, the current RMS error and the MoM matrix condi-

tion number vary with respect to NIP and Seg/k0 as in the case

of the dielectric sphere with er ¼ 5 (Fig. 4), except that the con-

vergence is achieved for smaller NPI values when the extraction

technique is not used.

4. CONCLUSIONS

In this work, the convergence of the MoM solution using a particu-

lar singularity extraction was investigated in the plane-wave scat-

tering from dielectric and conducting spheres and cylinders.

Results indicate that when singularity extraction is applied, conver-

gence is attained with a two-point Gaussian quadrature (NIP ¼ 2)

over the segments used to describe the BOR generatrix and, conse-

quently, the equivalent current distributions. The number of seg-

ments per wavelength influences the RMS error of the equivalent

currents, which diminishes when more segments are used. When

singularities are not carefully removed, convergence is attained

only for larger NIP values, particularly for dielectric BORs with

large dielectric constants. The singularity extraction reduces the

MoM matrix condition number, which is affected by the number

of segments used to describe the BOR generatrix. This influence

depends on the behavior of the surface current distribution, that is,

for current distributions with small oscillations, the MoM matrix

condition number increases significantly when more segments are

used to represent the BOR generatrix and for current distributions

with highly oscillatory behavior this increase is smaller.
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ABSTRACT: In this article, compact monopole antenna with
independent resonant frequency tuning capability is proposed. The
antenna radiating patch consists of a simple, bent monopole element

and an open stub. The bent monopole acts as a main radiator in 2.5
GHz band, whereas the open stub serves in 5.5 GHz band. A prototype

of the proposed antenna was fabricated, and the reflection and radiation
characteristics were measured to validate the antenna performances.
Measured impedance bandwidths (VSWR < 2) exhibits dual-broadband

resonances, which are 2.08–3.02 GHz (lower band) and 5.13–6.15 GHz
(upper band), corresponding to 36.9 and 18.1%, respectively. Therefore,
VSWR bandwidth of the proposed design covers not only the WiBro,

WiMAX, Bluetooth, 2.4 GHz WLAN, S-DMB, but also the 5.2/5.8 GHz
WLAN services. The peak gain was 5.76 dBi. VC 2012 Wiley Periodicals,

Inc. Microwave Opt Technol Lett 54:2548–2552, 2012; View this article

online at wileyonlinelibrary.com. DOI 10.1002/mop.27159

Key words: wireless USB dongle; bent monopole; open stub; dual-band
antenna

1. INTRODUCTION

With the rapid development of wireless communication systems,

multiband antenna has become one of the most important issues

and attracted much interest. Most of modern portable devices

require a miniaturized multiresonant antenna to cover various

Figure 10 Dielectric cylinder with er ¼ 2: normalized (a) electric and

(b) magnetic currents
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