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Abstract — In this paper, a microstrip patch antenna fed
by a waveguide using an end-wall iris through ground
plane has been modelled. The iris feed technique was
proposed to overcome the narrow bandwidth problem of
microstrip patch antenna. The iris is sized so that it is res-
onant and subsequently the antenna operates under the
fusion of two modes relating to the iris and the patch,
resulting in a wideband radiation characteristic with dual
resonance. Measurement demonstrates the single band-
width dual resonance type and the radiation bandwidth
of (8 GHz-10.6 GHz). In order to show the impact of the
iris feed technique on microstrip patch antenna’s band-
width, a comparison with some state-of-the-art works
proposing various bandwidth enhancement techniques in
the X-band is made. The proposed prototype, with a size
of 1.76A9x1.65A9x1.29A, is more compact than sev-
eral designs. It has a fractional bandwidth of 27.9%, thus
it presents the prototype with the widest bandwidth with
the simplest design fabrication. With regard to the elec-
tromagnetic modelling, this work is oriented towards the
use of the hybrid MOM-GEC method in order to be able
to perform a rigorous electromagnetic. It has been found
that the MOM-GEC model is more efficient in terms
of memory requirements and approximately four times
faster than HFSS simulator software.

Index Terms — bandwidth, dual-resonance, iris-fed patch
antenna, MOM-GEC analysis, wideband, X-band.

L. INTRODUCTION

Communication systems in the X-band require the
design of antennas characterized by higher gains and
wide bandwidths.

The microstrip patch antenna presents a good can-
didate for its low weight, its small size, the ease of its
manufacture and its integration, etc. However, one of the
major disadvantages is its low gain and its low band-
width, which is of the order of a few percent (2% to 4%).

Multiple techniques have been used to widen the
bandwidth of microstrip antennas, namely: the thick sub-
strate, the partial substrate removal, the superstrate cover

Submitted On: September 20, 2022
Accepted On: February 24, 2023

[[1H2], the parasitic patches coupled to the main patch
or stacked patches [3], the patch with metallic rings, the
defected ground structure, the reflecting layer, the elec-
tromagnetic band gap as material [4]], the merging of sev-
eral antenna resonance modes [SHO], etc.

The microstrip patch antenna’s type of alimentation
has an impact on its bandwidth as well. The iris feed
technique is used to increase the patch bandwidth in
order to get over the issue of narrow bandwidth [[7H8]].
The iris-fed microstrip patch antenna is equivalent to
an antenna having two patches, one of which radiates
toward the open end of the rectangular waveguide and
the other toward open air. Therefore, this structure com-
bines appealing characteristics of a microstrip antenna,
like low profile, light weight, compact size, and simple
integration in electronic circuits, with those of a waveg-
uide, like high power handling capacity and low losses
(resistive) [9]. In this method, the waveguide’s mouth is
directly fitted with the microstrip antenna. As a result,
the most energy is radiated.

Apart from the techniques for enlarging the band-
width of the microstrip patch antenna, several antenna
parameters intervene to achieve the maximum achiev-
able bandwidth, namely: the height of the antenna
cavity [[1OH11]., the thickness of the substrate or of the
superstrate [12], the spacing between the main patch and
the parasitic patches, etc.

From the above literature survey, this work proposes
to model a microstrip patch antenna fed by a waveguide
using an end-wall iris through ground plane since it has
not been widely used in X-band. The iris is sized so that it
is resonant and subsequently the antenna operates under
the fusion of two modes relating to the iris and the patch
[[L3]], resulting in a wideband radiation characteristic with
dual resonance.

Regarding the state-of-the-art works for the iris-fed
patch antenna’s electromagnetic modelling, it turns out
that the current trend is to use simulation tools such as
HFSS and CST which are essentially based on meth-
ods that require a 3D mesh [14]. Other works have
been based on numerical models as in [7, 8] which
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used the modal expansion model and the method of
Moments respectively. These integral methods are best
suited to perform an electromagnetic modelling of planar
microwave structures. However, when the complexity of
the structures increases, the resolution becomes compli-
cated, and this requires more memory space and compu-
tation time.

Several research works [15| [16] have focused on
the use of hybrid methods to improve the conventional
methods. In fact, their major interest lies in the ability to
solve complex structures whereas neither a single numer-
ical method nor commercial software can model them
correctly. In this context, this work is oriented towards
modelling the proposed antenna based on MOM-GEC
numerical technique. This latter handles complex elec-
tromagnetic structure as no mesh is required, thus, a gain
is achieved in terms of computational time and memory
storage.

This paper is divided as follows. Section II intro-
duces the numerical technique formalism and the
antenna description. The mathematical formulation
based on the hybrid approach will be detailed in Section
III. Section IV presents the validation of the antenna
by full-wave simulations. To confirm the accuracy and
the efficiency of the proposed numerical approach, a
comparison with HFSS and with measurement is held.
Finally, Section V concludes the work.

II. THEORETICAL BACKGROUND
A. MOM-GEC approach

In [17], Baudrand proposed the hybridization of the
method of Moments (MOM) with the method of Gen-
eralized Equivalent Circuits (GEC) in order to be able
to perform a rigorous electromagnetic calculation while
minimizing the execution time and the required mem-
ory resources. The equivalent circuits were introduced
in the development of the formulation of integral meth-
ods in an attempt to transpose field problems into equiva-
lent circuit problems that are generally easier to deal with
(18. [19].

The hybrid MOM-GEC is therefore considered to
be a true electrical image of the structure to be studied
since it faithfully describes the discontinuity as well as
its environment:

- The wave which excites the surface of discontinu-
ity is represented symbolically by a source (local-
ized or modal) of field or current called real since it
delivers power.

- At the level of the discontinuity, the electromag-
netic state is described by generalized test functions
which are modelled by virtual sources not storing
energy. The virtual field source must be adjustable
so as to cancel the dual magnitude (the transverse
current of this source) and vice versa.
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- The discontinuity environment is expressed by an
impedance/admittance operator which represents
the boundary conditions on either side of the dis-
continuity surface.

- The auxiliary sources (AS) make it possible to inter-
connect two distinct parts of a circuit when they are
of different dimensions from each other [20] 21].

Once the equivalent circuit is extracted, the imple-
mentation of the proposed MOM-GEC steps is described
in the flowchart as illustrated in Fig.[I}
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Fig. 1. Flowchart of the MOM-GEC method.

It should be noted that the computer code of the
numerical method is translated with MATLAB and exe-
cuted on an Intel Core i7 processor computer with a pro-
cessing capacity of 2.7 GHz and 8 GB RAM.

The convergence study is essential in a first step for
the validation of the numerical method MOM-GEC. It is
carried out through the determination of the number of
test functions and the number of basis functions which
have to be fixed in such a way that the boundary condi-
tions of the electromagnetic state of the antenna is veri-
fied. Once these parameters are found, they will be used
in the rest of the calculation to extract the characteris-
tics of the antenna. In fact, the exact solution is provided
only at the convergent state of the structure’s parameter
that we can consider it as a steady state.

B. Antenna description

The antenna illustrated in Fig. [2] is composed of a
three-layer device which consists of a dielectric layer
sandwiched between a radiating patch and a ground
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Fig. 2. (a) Iris-fed patch antenna. (b) Bottom view. (c) Top view. (d) Side view: a = 22.86, b = 10.16, h =
41.5,a" =56.5,b" =53, a =b' =32, W, =093, L, =8, Wy =828, Ly =10.62, W, = 3.675, L, = 1.31;1; =
6.12; W = 0.94;t; (dielectric thickness)=1.6, t (ground and patch thickness) = 0.025, (all dimensions in millimeters),

Er(FR4) =44,

plane. The structure is fed by an iris which is formed
by an obstacle pierced with a rectangular coupling slot
and terminating a rectangular waveguide. The presence
of the conductive ground plane leads the electromagnetic
radiation to be oriented from the exciter waveguide to
the patch through the coupling slot. The feeder waveg-
uide is excited by the fundamental mode TEj( and the
microstrip patch antenna is excited by the quasi-TEM
mode.

1. MOM-GEC PROBLEM FORMULATION
A. Generalized equivalent circuit

The antenna is composed of the iris and a microstrip
patch interconnected through the auxiliary sources (AS),
as illustrated in Fig. [3] Note that the external waveguide
is not considered when modelling the structure since the
excitation by the T E|op mode is done through the internal
waveguide.

The centered thick iris, as shown in Fig. |§| (a), is
located between two virtual waveguides at (z=0), each
of which is characterized by two electric side walls and
two electric horizontal walls (which will be identified by
EEEE for four times Electrical). These two waveguides
are: the entry virtual waveguide (Guide 1) and the exit
virtual waveguide (Guide 2), which do not have the same
height.

The microstrip patch is placed in the cross section
of a rectangular waveguide at (z=D,) open to infinity.
The boundary conditions are defined by perfect electrical
walls on all sides as shown in Fig. [3|(b).

The whole structure represents three planes of dis-
continuity, respectively D; in z=0, D, in z=t, and D3
in z=11, as illustrated in Fig. 2] (d). Each discontinuity
includes two subdomains: the metal and the dielectric.
By placing ourselves on the plane of discontinuity D,
we solve the equivalent scheme GEC of Fig. ]

On side @), the real current source Jy; and the real
field source Eg; are expressed respectively according the
amplitude lp; and Vjy; and according the fundamental
mode fj of the modal base function f,, [22]:

Jo1 = Io1 fo, (D
Np

Eo1 =Voifo+ Y, Vot fon- ()
m,n

The auxiliary current source Jp, and the auxiliary
field source Ey, are expressed respectively according the
amplitude Iy, and Vi and according the fundamental
mode f;; of the modal base function f;,,:

Joz = Ioa fp, 3
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Fig. 3. (a) Iris located between two virtual waveguides at (z=0), each of which is characterized by perfect electrical
walls (EEEE) on all faces. (b) Patch shielded in rectangular waveguide defined by perfect electrical walls (EEEE) on

all faces.
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Fig. 4. GEC of the antenna using the MOM-GEC technique.

Np
Ep =Viofo + Y Voo fom- “)
m,n
Discontinuities D; and D, are identical so they have
the same test function (g; p)p:1 """ Ny, Which is similar
to the fundamental mode in the iris. The virtual electric
fields E,, and E,, are equals and expressed in terms of

test function (g1,) and weighting coefficients

p=1,....Neest
xp [23]):
Ntm‘t
E,, =Y xp81, (5)
p

The thick rectangular iris between two guides of dif-
ferent heights can be subdivided into three guides [24]
(see Fig.P](d)).

- Guide 1

The admittance of the modal source representing the
evanescent modes at the level of discontinuity D of the
exciter waveguide which is associated with the modal
base function (fm”)(m,n):{l,...,sz} is expressed by [25]:

A

a o o«
Yev1 :Z(XZTE,TM fmn>)’ev1<fmn ) (6)
outTE)
TE __ Ymn
yevl - T/.Llo
™ _ &
Yew | = St : )

Yoy = (22)7 + (22)? k2
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- Guide 2

The admittance of evanescent modes respec-
tively related to the modal source at the level of
discontinuity D, of the second waveguide which is asso-
ciated with the modal base function (f,,)

is expressed by:

(mn)={1,...,.N;%}

A o o o
Yevz = Za:TE,TM fr/nn >yevz <fr;m ’ (8)
TE __ Ymnz
yEVz - jwﬂo
Yo, M = R . 9)

Yo =/ (25)2 + (45)? - 3
- Guide 3

The line length between the two discontinuities D
and D; is represented by [26]:

A A
Y1 Y2

[Q]: AA (10)
Yi2 Yiu

The input admittance Y;; and the inverse trans-
fer admittance Y, of quadrupole associated with the
modal base function ( f,ﬁm)(mm): (1,2} e respectively

expressed by:

p ¢
Yt =Y o g zag [Fon V101 Fonn | (11)
A « , o«
le:Za=TE,TM S )12 fon (12)
y?l :y%n coth (Ymnﬂ)
ya :_%
12 7 sinh(Ym) . (13)

2 2

s =/ () + () -3
On side @, the virtual current distribution J; which
is the dual of virtual electric field E, is expressed in
terms of test function (g2p)p:1,...,1vtesz and weighting

coefficients x,:

NIES[

Jo=Y xp82,- (14)
p

The admittance of the dielectric layer is expressed

by [27]:

A 96 o /
Yt/’l = Z(x:TE,TM fmn >yth Coth(ymn4t1)<fmn .

The admittance from the vacuum brought to the sur-
face of the dielectric D5 is expressed by:

A (IX a (lx
YS = Z(X:TE,TM fmn >ys<fmn

TE __ TE __ Ymny
S _ s
— __ JO&E&

R T . 17)

on, =/ (25)" + ()" —ko?

s)

; (16)
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B. Kirchhoff and Ohm’s laws
On side (T)), the application of Ohm’s and Kirch-
hoff’s law to the equivalent circuit leads to obtain the
following equations given by:
Eo1 = Ee1, (18)
Ep =Ee, (19)
therefore, the virtual current sources J; and J, are
expressed as:

A A A
J1 = *J()] + (ng] +Y11)Eev1 +Y12Eev27 (20)

A A A
Jo = =Joo+ Yev, +Y11)Eer, +Y12Ee1,  (21)

0 0 1 0
Ep; Joi
0 0 0 1
Ep | _ AA N Joz
v -1 0 (Yo, +Y11) Y12 E.,
J A A A E
2 0 —1 Yir (Ye‘;2 +Y11) €
(22)

On side @ as the dielectric is thin, it is equivalent
to a layer surface impedance. Then, by applying Ohm’s
and Kirchhoff’s laws, the auxiliary electric field Eg, and
the virtual electric source E are given by:

Al
En=Y, (Jon+J), (23)
——
Ji
A —1
E=Y, (Jo+Jy). (24)

The total admittance of the circuit I//,; is the sum
of Y.

C. Application of Galerkin method

The resolution of electromagnetic equations is pro-
vided by (V, I) physical scales instead of using (E, J)
physical scales [28]. Therefore, Fig. |3| is presented as
illustrated in Fig. [5]

Im Tpz
— -
— {In s
Vi T "DZT Zo2
— Iy Zaa

Fig. 5. GEC of the antenna using the MOM-GEC tech-
nique using (V, I) physical scales.

The projection of equations and on the
test functions (gq)qzl.... N,,,, With the cancellation of vir-
tual current source J; and J, is solved by the method of
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Galerkin as it is indicated in the matrix system (23):
(Vm ) _ ([AV[DJIW [B)'[C]~[A] ) (101>
Voo )\ [AI[CI'[B] (B [D2] ' (B] ) \ To2 )
(25
noting that [X] is the vector ponderation expressed
by [X] = Z',Yf”’ xp, [A] is the first excitation vector

expressed by [A] = (g1, /o), [B] is the second excita-
tion vector expressed by [B] = (g1, f{), [C] is the first

A
impedance matrix expressed by [C] = (g1,,Y12814), [D1]
is the second impedance matrix expressed by [D;] =

A A

(81ps (Yey, +Y11)814) and [Dy] is the third impedance
A A

matrix expressed by [D2] = (g1, Yev, +Y11)814)-

Noting that:
Z = [?]]t[[Dl]ll[[A]]
Z1» = [B'[C]7'[A
Zo= VOB 0
gl

the expression of the input impedance Z; @27) is
deduced from 23):
201212
T = Ty — 2 le
in 11 222 — le )
the magnitude in (dB) of the reflection coefficient is
deduced from (27) as expressed in (28a):

@7

_Zin—2
 ZintZo

The angle in (degree) of the reflection coefficient is
deduced from (28a) as expressed in (28b):

Sty (28a)

SH((/J) 2511.67j2(p, (28b)
where Zj is the impedance of fundamental mode and ¢
is the phase.

The projection of the equation (23) and (24) on the
test functions (gg,) G1=1 o Noos with the cancellation of
virtual current distribution J is solved by the method of
Galerkin as it is indicated in the matrix system (29):

(§)- (&1 (8. =

A
noting that [Ao] = (fo,Y,, "' f3). [A1] is the excitation

A !
vector expressed by [A1] = (g2,,Y;, /o0 ), and [Cy] is the
impedance matrix which define the coupling between
p and ¢ dielectric elements and expressed by [Ci] =

1N
Yt 1Zml;l<g2pafr/nn><fr/nn7g2!]>'
From (29), the expression Zy, of is deduced:

[A1][AY]
Zop = [Ag] — ———— 30
02 = [Ao] il (30)
The amplitude Vy, is expressed as:
Z Z,
Voo 02 Vo, (D)

C Zo+Zm—Z12 Zeg+Zi — Zi2

_ (Zo1 + Zn2 — Z12) .21
‘U (Zor+Zoa—Z1) + 7o

(32)

IV. COMPUTED RESULTS
A. Convergence study
The convergence of the input impedance and the
antenna current is established for the test function num-
ber N;.;;=11 and the number of modes N,=300 as men-
tioned respectively in Fig. [f]and Fig.[7]
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Fig. 6. Input impedance as a function of different number
of N, and N;ey.
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Fig. 8. (a) Normalized current distribution of the antenna. (b) Normalized electric field of antenna obtained at conver-

gence.

B. Boundary conditions verification

Figure(]illustrates the current distribution and elec-
tric field of the antenna which are consistent with elec-
tromagnetic field theory. In Fig.[§](a), the current density
distribution is shown at the metallic patch. In Fig. [§](b),
the normalized electric field peak is at the edge of the
patch in the x direction and the minimum values are at
the dielectric.

C. Antenna’s characteristics

FigureD]illustrates both the magnitude in dB and the
angle in degree of reflection coefficient of the antenna.
To confirm the accuracy and the efficiency of the pro-
posed numerical approach, a comparison with HFSS is
held. It shows a slight difference between results due to
different numerical techniques used.

The simulated reflection coefficient of the proposed
antenna has two resonance frequencies as illustrated in
Fig. 0] (a); one appears at f.;=8.7 GHz and the other
appears at f.,= 9.6 GHz, so the bandwidth is centered
around fy =9.15 GHz.

The frequency study on the phase of the reflection
coefficient shows there are two modes whose resonance
frequencies are f;; and f., where the phase of the reflec-
tion coefficient is zero (see Fig.[9](b). Note that each res-
onance is determined where the phase of the reflection
coefficient is zero.

In order to identify each mode, a study was carried
out on the reflection coefficient of the iris alone [24] and
then on that of the total structure. As presented in Fig.[T0}
the iris alone presents a first resonance at 9.6 GHz. By
adding the dielectric and the patch above the iris, a sec-
ond resonance frequency at 8.7 GHz appears at a fre-
quency lower than fj. Due to the merging of the modes
relating to the iris and the patch, a wideband radiation
characteristic with dual-resonance is obtained.

In order to show the calculation efficiency of
the proposed method, CPU time and storage memory

T
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Fig. 9. (a) Magnitude in dB, and (b) the angle in degree of
reflection coefficient of the antenna compared to HFSS.
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Fig. 10. Simulated reflection coefficients of the iris alone
and the iris-fed antenna as a function of frequency. Fig. 11. Photograph of the fabricated iris-fed microstrip
patch antenna.

required by MOM-GEC and HFSS simulator have been
reported in Table [T} It has been found that the MOM-
GEC model is more efficient in terms of memory require-
ments and approximately four times faster than HFSS
simulator software.

Table 1: Comparison of CPU time between the MOM-
GEC method and the HFSS simulator (Intel Core 17 with
a processing capacity of 2.7 GHz and 8 GB RAM)

CPU Time (in seconds) Memory Requirements

(GB)
HFSS  This Paper HFSS  This Paper
1276 340 3.04 0.18

D. Antenna fabrication and comparison with various
X-band antennas

The prototype of the fabricated iris-fed patch
antenna as shown in Fig. [T1] The antenna is excited by
a rectangular waveguide of the Oritel TGN R100/WR90
type with 22.86 mm x 10.16 mm X 41.5 mm dimension,
also extended wall dimension is 56.5 mm x53mm.

As illustrated in Fig.[T2] the results are measured by
an Agilent HP 8510C vector network analyzer (VNA)
whose characteristics are described in [29]).

Figure [T3] illustrates both the magnitude in dB and
the angle in degree of simulated and measured reflection
coefficient of the antenna. Measurement demonstrates and 9.6GHz) and the radiation bandwidth of (8GHz-
the single band with dual resonances type (8.7GHz 10.6GHz).

Fig. 12. Photograph of measurement set-up: Reflection
coefficient measurement.
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0 i . , A slight difference between the simulated and mea-
4 sured results is marked especially between 7GHz and
) 27.9% 8GHz. This may be due to the manufacturing tolerance
| and the effect of the connector which was not taken into
account in the design with HFSS and when modelling
F 20 ] with the numerical method. Integrating the connector
2 into MOM-GEC modelling and in the HFSS design
9 30t 1 could be a solution to further minimize this difference.
A comparison of performance characteristics
<0} —v— Measured | | between the proposed antenna and the state-of-the-art
== MOM-GEC works operating in the X-band is listed in Table 2}
" == m HFSS ) o
Without the addition of superstrate cover, the
7 s ; 1‘0 1'1 12 antenna bandwidth is equal to 5.8% and 11.1% respec-
Frequency (GHz) tively in [30, [33]. Hence, the interest of adding super-
strate cover as a bandwidth expansion technique. Indeed,
(a) the superstrate cover can be either dielectric, metal-
lic, metamaterial, frequency selective surface. In [32],

-50

0 a stacked microstrip patch antenna has been presented.

150 ¢ The addition of parasitic patch above foam compared

100 | to the main patch increased its bandwidth from 7.54%
= to 16.2%.
e 0T The proposed antenna has a smaller volume than
2 ol [2,130-33]]. Moreover, it has the highest impedance band-
o ==& = Measured width and the simplest design fabrication. Due to its high
] 50 o omoec | bandwidth, its simple fabrication, and its compactness,
2 100 this antenna represents a promising candidate for X-band

satellite communication, radar application, microwave
power transmission, and wireless communication.

The state-of-the-art works mentioned in Table
have used simulation tools such as HFSS and CST which
are essentially based on methods requiring a 3D mesh.

(b) This work is characterized by studying the antenna struc-

ture based on an analysis method, which makes it pos-

Fig. 13. (a) Magnitude in dB, and (b) the angle in degree  sible to convert a 3D investigation problem into a 2D

of simulated and measured reflection coefficient of the investigation problem and, subsequently, to minimize the
antenna. execution time and the memory resources required.

-150

-200
7 8 9 10 1" 12

Frequency (GHz)

Table 2: Performances comparison of the proposed antenna with the state-of-the-art works operating in the X-band

Ant Bandwidth Enhancement | Dimension WL x T in 2@ Band Type -10 dB Fractional Design Modelling
Technique Bandwidth (GHz;%) | Complexity Technique
[30] Metallic superstrate 2.54 x 3.6 x0.92 Single* 7.7—-9.7,23% (+) HFSS
[31] Dielectric superstrate 24x24x1.2 Single 8.75—-11.25;:25% (+) CST
[32] Parasitic patch above foam 2.33x3.03 x0.79 Single* 7.85-9.25;16.2% (+) CST
[33] Dielectric superstrate 16.6 x 13 x 0.62 Single* 9.4—-10.8;13.86% (+) HFSS
[ Compact Partially Reflective 2.2x2.2x0.54 Single 8.8—11.4;25% (++) HFSS
Surface
2] AMC ground plane and a FSS 3.33x3.33x0.35 Single 7.7-9.5;20% (++) NA
superstrate
[4] Metamaterial substrate 1.25x 0.9 x 0.04 Single* 9.2—11;17.8% (++) NA
[34] Cavity backed structure 0.46 x 2.1 x 0.025 Single 9.4-10.5;11% (+) HFSS
[14] Air cavity 1.25%1.25x0.37 Single 7.7—10;25% (=) NA
This work Resonant iris as feeding 1.76 x 1.65 x 1.29 Single* 8—10.6;27.9% (-) MOM-GEC +
technique HFSS

Ant: Antenna; W x LxT: WidthxLengthx Thickness; SIW: Substrate integrated waveguide; Single*: Single with
dual-resonance; AMC: Artificial Magnetic Conductor; FSS: Frequency Selective Surface; (++): Very high; (+) High;
(-) Low; NA: not mentioned; HFSS: High Frequency Simulation Software; CST: Computer Simulation Technology.



V. CONCLUSION

In this work, the modelling of dual-resonant antenna
with closely spaced resonance frequencies for bandwidth
enhancement has been investigated for X-band applica-
tions. The antenna consists of a microstrip patch antenna
fed by a waveguide using an end-wall iris through ground
plane. The antenna has a size of 1.76A¢x 1.65¢ x 1.29,
and has a fractional bandwidth of 27.9%.

The antenna is modelled by the hybrid MOM-GEC
method. Equivalent circuits (GEC) are introduced in the
development of the formulation of integral methods in
an attempt to transpose field problems into equivalent
circuit problems that are generally easier to deal with.
Consequently, a reduction in both memory requirements
and computation time is achieved. The problem thus for-
mulated, its numerical resolution is done by applying
Galerkin’s method, which is known for the simplicity of
its formulation.

This procedure is, in fact, general and it can be
applied to the study of several electromagnetic prob-
lems, namely: the uniaxial discontinuity in waveguides,
the multiaxial diffraction discontinuities in free space,
the antenna radiation, the circuits comprising localized
sources, etc. Moreover, the proposed hybrid method can
be extended to become a multi-scale method. The tech-
niques for solving each electromagnetic problem essen-
tially differ from each other in the development of the
operators involved. Admittedly, the theoretical basis and
the approach to be followed remain unchanged. This is
due to the fact that the methods used are in all cases inte-
gral methods.
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