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Abstract—A uniform and closed-form spatial Green’s function
for finite dielectric structures is derived by using a combination
of the characteristic Green’s function (CGF) and rational function fitting method (RFFM). Employing the concept of quasi leaky
waves, CGF-RFFM represents both of the discrete and continuous
spectrum contributions efficiently by using the modified VECTFIT
algorithm. The method is examined for 2-D truncated dielectric
slab while it can be implemented for 3-D structure straightforwardly. An error of less than 0.2% is achieved compared with
the direct numerical integration of the spectral integral. The derived Green’s function is exact for separable structures while it is
approximate for nonseparable structures like truncated dielectric
substrates where the corner regions are replaced with fictitious materials. To obtain more accurate results, mode conversions due to
the surface waves (SWs) incident on the end-facet are considered
by employing the scattering matrix in the formulation for structures supporting several guided modes. The main advantage of this
method lies in its speed as well as accuracy. Excellent agreements
with the rigorous method of moments (MoM) are shown in several
examples.
Index Terms—Characteristic Green’s function, end-facet, finite
dielectric structure, Green’s function, nonseparable structure, rational function fitting, VECTFIT algorithm.

I. INTRODUCTION

D

IELECTRIC substrates with finite extents are widely
utilized in monolithic microwave integrated circuits
(MMICs) and integrated optics because much cheaper, lighter
and compact components such as antennas, couplers and filters
can be manufactured [1], [2]. Finite dielectric structures are
also of importance in studying propagation topics like reflection by concrete structures in indoor ray tracing techniques
[3], [4]. Although by assuming infinite extent for the structure,
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computational costs can be decreased, the results may not be
accurate enough and may even be wrong because the edges
effects are neglected. Truncation of a dielectric substrate may
also affect the performance of a designed planar circuit. Therefore a method that is able to analyze finite dielectric structures
accurately and efficiently is of interest.
Using physical optics (PO), one can obtain an approximate
solution for finite dielectric structures by assuming that the currents are identical in the finite and infinite extension. Maci et
al. [5] developed an asymptotic expression for diffraction by
semi-infinite grounded dielectric slab. Bokhari et al. [6] used
PO to compute the radiation pattern of patch antennas on a finite substrate. The PO approach is not efficient for thick dielectric substrate due to its incapability of modeling the multiple
reflections and conversions of the guided modes. Moreover, PO
results are not accurate in near field regions. There are also various methods like coupled-mode theory (CMT) [7] and beam
propagation method (BPM) [8] for approximate handling of finite dielectric regions encountered in special structures such as
metallic waveguides. These methods are not suitable for open
structures because of the complexity of the continuous spectrum
computations.
For a more rigorous treatment, integral equation analysis can
be used. The truncated substrate is replaced by an equivalent
volumetric or surface current as an unknown and is usually
solved by method of moments (MoM) [9]–[12]. Full numerical
approaches like finite-difference time-domain (FDTD) and finite-element method (FEM) may also be used for full wave analysis of finite size substrate [13], [14]. Liao et al. [15] developed
iterative technique for computation of electric and magnetic
fields inside and outside of dielectric objects. In this method surface equivalent currents are updated in each iteration to obtain
the appropriate fields. Discretizing the whole substrate, especially for large MMICs makes these methods cumbersome and
time-consuming. To overcome this problem, Maci et al. [16] and
Volski and Vandenbosch [17] used an infinite aperture plane at
the truncation and incorporated it in the integral equation for a
thin semi-infinite grounded dielectric slab. Although it can decrease the number of unknowns but it is not suitable for finite
dielectric structures.
Incorporating the truncation effects into the Green’s function
of the structure can speed up the analysis by the integral equa-
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Fig. 1. (a) Line source on a truncated dielectric substrate. (b) Analyzed structure instead of truncated dielectric substrate with the CGF method.

tion method. The usual spectral domain techniques are incapable of finding the Green’s function for a source surrounded
by two or three layered media from all directions. In characteristic Green’s function (CGF) technique introduced in [18], [19]
and extended and modified in [20] the original structure is decomposed into layered media surrounding the source. For separable structures this is done exactly while it is approximated
for nonseparable structures like a finite dielectric slab. The respective CGFs of the layers are combined in an integral form to
obtain the spatial domain Green’s function. It has been shown
that by combining of the CGF method with the complex images (CI) technique and making use of the well-known Weyl’s
identity, one can obtain an approximate and closed-form expression for spatial Green’s function of finite dielectric structures
[20]. The results would be composed of two parts. The first part
shows the SW poles while the second is the continuous spectrum contributions. CGF-CI is fast since it needs no numerical
integration. In [21], a 2-D problem of a line source on a finite
dielectric substrate shown in Fig. 1(a) is studied by CGF-CI.
Approximate separable structure (Fig. 1(b) which is solved by
Marcatili [22]) do not match with the original model in the four
exterior corners. Results have an acceptable accuracy for low re) and
fractive index contrast ( is close to , where
for source and field points far from the corners. To improve its
accuracy certain correction factor based on the effective index
concept in the reflection of the field at the truncated edges is
incorporated in the CGF-CI technique [21]. Consequently, further improvements for higher refractive index contrast could be
obtained. For thicker substrate, mode conversions consideration
due to the incidence of SWs to an end-facet (truncating surface)
is as important as the correction of the single mode reflection coefficient. Parsa and Paknys [23] used a scattering matrix that was
obtained by MoM analysis of the end-facet of the semi-infinite
dielectric slab to incorporate the conversions of guided modes.
In [23], although the accuracy of the CGF method improved for
thick dielectric structures, computation of the continuous spectrum contributions of the results requires a numerical integration
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with high computational cost. This part of the results may become notable in comparison with the discrete spectrum part and
therefore can not be ignored. In addition, using asymptotic expressions for this part derived by methods like the Saddle point
and steepest descent path (SDP) would not have enough accuracy for arbitrary observation point to source point distances.
Using artificial plasma and forcing separability condition for
the four exterior corner regions leads to edge diffraction suppression and consequently quality factor improvement in finite
structures like dielectric resonators [24].
In this paper, combination of the CGF method and rational
function fitting method (RFFM) [25], denoted by CGF-RFFM,
is used for a uniform and closed-form derivation of the spatial Green’s function for finite dielectric structures. The 2-D
problem of a finite dielectric slab waveguide is studied. Spectral
domain Green’s function is approximated in appropriate rational
functions with modified VECTFIT algorithm [26] which is very
fast. SW poles are extracted automatically in this method. Integration over the branch cut which accounts for the continuous spectrum is efficiently approximated for all distances by
some generated poles in the algorithm. Correct reflection and
conversion of modes from the end-facet for diminishing the effect of the four exterior corner region is also implemented in the
method. Therefore this method is able to give an accurate spatial
domain Green’s function for thick dielectric substrate and also
for source and field points close to the corners. The main advantage of CGF-RFFM lies in its speed, versatility and accuracy in
computation of the spatial Green’s function of finite dielectric
structures.
This paper is organized as follows. CGF-RFFM for separable
and nonseparable structures is briefly described in Section II.
Extracted poles are studied in Section III. Incorporating the
modes conversions in CGF-RFFM is discussed in Section IV.
Numerical results and validation of the method are presented in
Section V. Some concluding remarks are given in Section VI.
time dependence is used.
Throughout this paper
II. FORMULATION OF THE CGF-RFFM TECHNIQUE
A. CGF Method
A 2-D (i.e., with no variations in the -direction) Green’s
function of a line source surrounded by layered media in
both the - and -directions is governed by the following
Helmholtz’s equation:
(1)
where
,
, is free space
wavelength, is the Dirac delta function and
represents
the variation of the relative dielectric constant. It is easy to show
that (1) can be separated into two 1-D equations if
can
be written as [20]
(2)
where
,
is the relative dielectric constant of a
layered media stratified normal to the -direction (denoted by
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Fig. 3. Integration path in -plane.
with two SW poles showed by .
Fig. 2. (a)
layered media used to derive the CGF
.
media used to derive the CGF

and (b)

with three SW poles shown by

and

layered

media shown in Fig. 2(a) and (b), respectively, [20], [27], we
will have

; stands for normal to ). In this way, the CGF of each
layered media denoted by
is governed by the 1-D
Helmholtz’s equation

(5)

(3)
and
. It is shown that under the
where
assumption of (2), solution to (1) is given by (4), where the
contour
, encloses only the singularities of
,
(including branch cuts, branch points and discreet poles singularities), in counterclockwise sense [20]

(6)
where
and
is equal to and for
and ,
respectively.
and
are greater and smaller values of and
, respectively, and
(
1, 2).
and
are the reflection coefficients of a TE wave at the interfaces (due
to the symmetry
and
in
Fig. 2).
can include SW poles which are located in
(7)
in
on

(4)
If the decomposition of the original structure into the
structures can be done exactly, then the structure is called separable like Fig. 1(b) where the corresponding
and
layered media are shown in Fig. 2. Otherwise it is called nonseparable like Fig. 1(a) where (4) can represent an approximate
Green’s function of the structure. In fact for nonseparable 2-D
structures, (3) would not be satisfied in all different regions obtained by combining
and
layered media. It is shown that
if (2) is not satisfied in the corners of the four corner regions
(Fig. 1(b)), different sets of
and
could be found
[21]. For all of these sets the corner regions of the original structure are replaced by dielectric constant of
.
Parsa and Paknys [23] used another approach for showing this.
It can also be proven that the final solution is independent of
the choices of
and
layered media [21]. It may be noted
that these solutions for
and
are not physically available
relative dielectric constants necessarily. They are just mathematical quantities that can be positive, negative or zero values.
We choose
,
,
,
.
By employing the ordinary Fourier transform technique for
and
, the characteristic Green’s functions of the layered

-plane. Similarly for

in

-plane, SW poles can exist
(8)

For example, Fig. 3 shows the integration path, branch cuts,
and
on the
branch points and SW poles singularities of
proper Riemann sheet (where the phase of
varies between
and
to have
to satisfy the physical conditions.)
B. RFFM Technique, Closed-Form Spatial Green’s Function
The integral representation in (4) does not have an exact
closed-form. Moreover, numerical computation of (4) is
time-consuming due to slowly-convergent and oscillatory behavior of the integrand near the singularities. Complex images
(CI) method [28] and RFFM [25] are two well-known and
effective approaches to compute (4) rapidly and precisely. In
CI, first, the SW poles are extracted from the spectral Green’s
function and then the remaining part is approximated by a series of complex exponentials in two or three levels of different
sampling paths [29], [30] using generalized pencil of function
(GPOF) [31] or Prony’s method [32]. One can modify the
sampling path to evaluate the integral of (4) directly without
SW poles extraction, but dependency of the results on the
sampling path is the main disadvantage of this process [33].
RFFM was used first for a grounded dielectric slab [34]. Rational function of the form
was used in the so called
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VECTFIT algorithm to fit the spectral Green’s function [25].
The traditional VECTFIT algorithm was originally developed
for rational approximation of frequency response of power systems imposing specific stability restrictions to the value of complex pole
. These restrictions lead to poles with negative
real parts which the result wave
may not have physical interpretation. Furthermore, high order approximation is the
main drawback of the traditional VECTFIT algorithm. However, in the modified version [26], the rational function of form
is utilized which corresponds exactly to the form
of SW poles in spectral domain. It is shown that RFFM with
the modified VECTFIT algorithm is an efficient and reliable
method to capture near, intermediate and far field behavior of
the Green’s function by using logarithmic, uniform and branch
point focused sampling, respectively [35]. It also needs no quasi
static terms extraction. Applying the modified VECTFIT to the
CGF
of (5) will give
(9)
where
is equal to
.
and
are the th pole
and the residue of
at this pole, respectively.
is the total
number of poles (including SW poles) for approximating
.
In (9) uniformly sampled points should be used, i.e.,
, where is a small number and
must be greater than
(
is the maximum value of
relative dielectric constant), in order to ensure that all the SW
poles are included. Larger
with more sampling points will
produce more accurate results in exchange for higher computational cost. Modified VECTFIT algorithm has two main steps.
The first step is the construction of auxiliary matrix in each iteration which its eigenvalues are the approximate poles used in
the next iteration. The second is finding the
s by solving a
linear equation using least square technique. Since the SW poles
are located in region
then one can choose
random values in this region as starting points of the algorithm.
Simulations show that the algorithm would have better convergence behavior for this choices. By substituting (9) into (4)

(10)
where
is given by (5). The new integration path in -plane
is shown in Fig. 4(a). As it can be seen from (10) there is no
branch cut singularity of
in the right-hand side of (10) and

Fig. 4. Integration path in (10) and (11), in (a) - and (b)
, : poles extracted by VECTFIT.
tively, : SW poles of

-plane respec-

in -plane subsequently. This result will be discussed in detail
in the next section. By using
, the closed integration
path
in Fig. 4(a) is mapped to
in
-plane shown in
Fig. 4(b) which could be closed by
. Due to zero value of integration on path
, we can find an alternative representation
for (10) in
-plane

(11)

are not shown in Fig. 4(b). By using the
Singularities of
residue theorem for closed path
, one can obtain
(12), shown at the bottom of the page, from (11). It must be
noted that, since the integration path
in -plane, should
not enclose the singularities of
; therefore singularities of
do not contribute in (12). Moreover, SW poles of
and their
corresponding residues are taken into account with other poles
in the approximation process of (9) by using VECTFIT.

(12)
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(13)
is composed of two parts. The first
Equation (13) shows that
part is called
which shows SW poles singularities and the
second part,
, represents the continuous spectrum contribution (integration around the branch cut). Then in (12), the sum
over non-SW poles denoted by
results

(14)
Fig. 5. Integration path in (4) in (a) - and (b)
.
the paths revolving around the branch cut of
.
poles of

-plane, respectively, with
: SW poles of
, : SW

III. VECTFIT EXTRACTED POLES
SW poles should be on the real line due to our structure is
assumed lossless. They are also the zeros of the denominator of
the CGF
in (5) under the constraint of
is pure real and
is pure imaginary. SW poles can be found easily and fast by
Newton-Raphson method. Modified VECTFIT algorithm has
controllable accuracy. In the studied cases, the main criteria for
accuracy of the extracted poles are the accuracy of the SW poles.
The imaginary part of the extracted SW poles would be less than
a small value that can be set in the algorithm (
is chosen in
this work). Therefore all the SW poles of
are extracted with
high precision in VECTFIT algorithm. One can separate the relation (12) into two series which the first one includes just all the
SW poles and the second considers the remained poles, then the
first term would show discrete spectrum contribution. Similar to
[36], we can find a mathematical interpretation for the second
term. In Fig. 5(a) the integration path
for (4) is shown with
the path
which detours the branch cut and branch point of
. The equivalent of paths
and
in
-plane is shown
in Fig. 5(b). Singularities of
are not shown in Fig. 5(b). The
main difference point of Fig. 5 with Fig. 4 is the existence of the
branch cut and branch point singularities of
in
-plane.
If the path
detours the branch cut of
as it is shown in
Fig. 5(b), then by applying the residue theorem for closed path
, (13) could be obtained where
is the total number of SW poles of
and
is the residue
of
at the th SW pole

where
. According to (14), the integraand
tion around the branch cut is approximated by poles
, generated in VECTFIT. Since
their related residues
these poles just construct the continuous spectrum contribution
in , so we called them “quasi-leaky wave” poles.
in its integral form in (14) is the same as “residual part” developed in [23] which was denoted by
. It was shown in [23] that
implicitly contains the leaky waves (LWs) contributions. In
(9),
s contain dependency of and . So by changing the
source and field points locations in -direction, the VECTFIT
algorithm must be employed again and the quasi-LWs must be
updated but the surface wave poles will remain unchanged, because they are independent of the source and field point locations. Similarly, from a physical point of view, the radiation
field arriving at an arbitrary field point is dominantly produced
by a set of radiation modes which are dependent on the source
and field point locations. More precisely due to VECTFIT algorithm accuracy, extracted SW poles have very small imaginary
part and therefore have very small contributions in the continuous spectrum term
in (13). But actually this contribution
is ignorable.
For an infinite
dielectric substrate shown in Fig. 2(b) with
,
, and
, the poles of (9)
from VECTFIT are depicted in the complex plane of Fig. 6. As
it can be seen, the first set of poles includes real or SW poles
where
. The second set includes quasi-LW
poles
. Quasi-LW poles set involves some poles with
large
. The corresponding terms of these poles in
(12) decay very rapidly from the source. In other words these
poles contribute effectively to very near field region. Therefore,
one can call them “source effect modeling” poles. These are also
similar to the quasi-static terms that are preferred to be extracted
from the spectral Green’s function in CGF-CI [21]. In VECTFIT
algorithm these poles are generated with other poles and there is
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Fig. 7. Reflection of the -th SW from the (a) interface of
(b) end-facet of the nonseparable structure.

Fig. 6. Extraction of 10 poles for approximating
dielectric substrate with
,
for infinite
and seven quasi-LW poles.

by VECTFIT algorithm
, three SW poles

no need to extract them first. Set of quasi-LW poles is also composed of some poles close to the branch point . These poles
contribute to the radiation field around the source. Concept of
branch point focused poles is also used in [36] for computing
the integration around the branch cut.
IV. IMPROVEMENT OF THE METHOD; MODE REFLECTION AND
CONVERSION FROM THE END-FACET
In solving our problem with the CGF method, the corner regions of the original structures are replaced by a dielectric constant of
(Fig. 1(b)). Apparently, higher
refractive index contrast
, causes more deviation
from the original structures (Fig. 1(a)). This deviation brings
about less accurate and also unreliable results in two important
cases. First, when the source and field points get closer to the
corners and second, when the substrate becomes thicker.
In (12),
is the reflection coefficient of the th mode of
structure at the interface of the
structure (Fig. 7(a)). For
nonseparable structure of Fig. 1(a),
s must be replaced by
the correct reflection coefficient from the truncating surface of
the substrate (called end-facet) shown in Fig. 7(b). In [21], it is
shown that more accurate results for
can be achieved by
using the correction of
for the
reflection coefficient of the
structure where effective index
is calculated from the propagation constant of the
structure’s SW. This is the same as the well-known effective index
method [37]. Although this reflection coefficient is not exact, its
computation is straightforward and has no computational complexity. Various analytical and numerical methods are reported
for exact calculation of the reflection coefficient of a SW from
dielectric end-facet, [38]–[41]. However, using these methods
may need extensive computational efforts.
It is evident that in structures with a single guided wave, correction of
, would effectively improve the results, but for
thick substrate with several SW poles, conversion of a mode to
other modes should be also taken care of. In these structures correction of the corresponding
values without incorporating
the conversion cannot obtain accurate results.
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structure and

To include the conversion of surface waves in CGF-RFFM,
the scattering matrix of dielectric end-facet is utilized [23]. In
brief, in [23] and [16], by using surface equivalent principle
and image theory the problem of incidence to and scattering
from the end-facet shown in Fig. 7(b), is replaced by an infinite
dielectric slab with unknown current density on a plane just at
the truncating surface of the substrate
. The unknown
current is then solved by using the integral equation and MoM
[23]. For the substrate with
surface wave poles, scattering
matrix will have size of
. As half of the modes
are odd and the other half are even, half of the scattering matrix
elements are zero due to the fact that odd modes cannot convert
to even modes and vice versa. The elements of the scattering
matrix is given by
(15)
where
is the amplitude of the th incident surface wave
and
denotes the amplitude of the th scattered surface wave
due to the th incident surface wave. All the surface waves are
supposed to be normalized so that they have unit amplitude at
their maximum.
As it was shown in (13), in our proposed CGF-RFFM solution
we have
(16a)

(16b)
and
of SW
The first series is the sum over
and
, are those
poles while in the second series,
of quasi-LW poles. With some mathematical manipulations
similar to [23], scattering matrix can be inserted in the (16a)
to obtain more accurate result for nonseparable structures.
Modified expression in matrix representation reads as

(17)
where
(18a)
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Fig. 8. Comparison of the CGF-RFFM (dashed lines) with the numerical infor a separable finite
tegration (solid lines): (a) amplitude and (b) phase of
,
,
, and
, where
dielectric structure with
and
.
TABLE I
COMPUTATION TIME

AND ACCURACY OF CGF-RFFM,
NUMERICAL INTEGRATION

CGF-CI,

AND

Fig. 9. Comparison of the CGF-RFFM (dashed lines) with the numerical infor a separable finite
tegration (solid lines): (a) amplitude and (b) phase of
,
,
, and
, where
dielectric structure with
and
.

and
are diagonal matrices which their main diagonal
elements defined by

(19a)
'

'
(19b)

(18b)
(18c)
(18d)
(18e)
(18f)
(18g)
“
” or “qLW” and superscript denotes transpose of
a matrix. is an identity matrix with the size
.
is the scattering matrix of the end-facet for SWs conversion.

V. NUMERICAL RESULTS
In this section some numerical results are presented to
show the efficiency and versatility of our proposed method.
Fig. 8(a) and (b) examine the validity of (12), for the separable
structure of Fig. 1(b) for
,
,
, and
. Field distribution is considered on the upper surface
of the structure
where the line source is located at
and
. The codes for the numerical
integration and CGF-RFFM have been run on a 2.26 GHz
Core 2 Due computer. For rational functions approximation
in VECTFIT algorithm, eight poles are considered. In this
case,
structure has a single SW pole. Excellent agreement
can be observed between the CGF-RFFM results (showed by
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Fig. 10. Comparison of the CGF-RFFM with MoM: (a) real, (b) imaginary part
for a finite dielectric substrate with
,
,
, and
of
, where
and
or
.

by

) and the result of numerical integration (labeled
). The relative error is computed by
(20)

Two hundred sample field points
are considered in the simulations. Table I compares the computation time and relative
error of the proposed CGF-RFFM Green’s function with the numerical integration and the CGF-CI method [21]. As it is clear
from the Table, CGF-RFFM has less than 0.2% error compared
to numerical integration and is almost 6 times faster than the
CGF-CI method. In CGF-CI solution,
described in [21], is
respectively ignored and included for Figs. 8 and 9.
Let us consider the same structure with
and relative
dielectric constant
. In this case we will have three SW
poles for
structure. The line source is now located closer
to the corner, i.e.,
and
. Fourteen poles are
used in VECTFIT algorithm. Again perfect match between the
CGF-RFFM and numerical integration results can be observed
in Fig. 9. To check the accuracy of (12) when the correction
schemes proposed for non-separable structures are employed,
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Fig. 11. Comparison of the CGF-RFFM (with and without
of SW pole
for
corrected by mode-matching) with MoM: (a) real, (b) imaginary part of
,
,
, and
,
a finite dielectric substrate with
and
.
where

comparisons are made with the rigorous results of the MoM
analysis of the structure by using an interior-exterior approach
[20].
Consider the nonseparable finite dielectric structure of
Fig. 1(a). For low refractive index contrast, it is expected that
the results of the non-corrected CGF technique become very
close to the exact MoM solution since the dielectric constant of
the corner regions is very close to the original structure. Fig. 10
shows this agreement for a typical finite dielectric structure
with
,
,
and
for
two different source locations at
and
.
It is also observed that CGF-RFFM is nearly 300 times faster
than MoM analysis. For higher refractive index contrast where
the non-corrected CGF is no longer accurate, let us look at
two cases. In the first case,
structure has a single SW pole
(structure of Fig. 10 with
,
and
),
deviation of (12) from the exact results can be remedied by
employing the corrected
reflection coefficient through
effective index [21] or mode matching [38] methods, as explained before. In Fig. 11(a) and (b) excellent agreements
are observed between the CGF-RFFM (with SW pole’s
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Fig. 13. Comparison of the CGF-RFFM with MoM for magnitude of
for
,
,
, and
,
a finite dielectric substrate with
and
, two approach are examined; first
where
correction using mode-matching method and the second including mode conversion in CGF-RFFM.

TABLE II
COMPARISON OF THE COMPUTATION TIME AND ACCURACY OF THE
CGF-RFFM WITH THE NUMERICAL INTEGRATION OF
IN [23]

Fig. 12. Comparison of the CGF-RFFM (with
of SW pole corrected by
for a finite dimode-matching) with MoM: (a) real, (b) imaginary part of
,
,
, and
, where
electric substrate with
and
.

corrected by mode-matching) and the rigorous MoM solution
of the problem. The structure considered in Fig. 11 is near to the
cut off frequency of the second SW pole. In these cases where
the source or field points located close to the corners, some
deviations can be observed near to the corners which is due to
proximity effects of the truncating wall on the Green’s function
(part of continuous spectrum contribution). From Fig. 12, it can
be seen that
can produce more accurate results
compared with the
.
In the second case where the structure has several SW poles,
mode conversions should be taken into account. Assume a finite thick dielectric substrate with
,
,
,
and
, when
and
in Fig. 13 and
in Fig. 14. The
structure
for this example has four SW poles. Both figures show the results of corrected CGF-RFFM with 20 poles in VECTFIT algorithm, implemented with two approaches. In the first approach,
exact
s of SW poles obtained by mode-matching [38] are
employed in CGF-RFFM and in the second, CGF-RFFM plus
mode conversion, given in (17), is used. Superiority of the latter
is evident in both figures. The required time for computing the

IN

eight elements of the matrix
in this case is nearly 408 s
while MoM solution lasts 582 s. Obviously more computation
time for
is required for a case with larger number of SW
poles. But it should be noted that the scattering matrix is computed once because its calculation is independent of source and
field point locations. Then the computed
can be utilized in
(17) for any source and field point situations. This leads to fast
computation of spatial Green’s function in (17) for new source
or field point location against the MoM or full numerical approaches where new simulation is needed.
Table II compares the computation time and relative error
of the continuous spectrum part of the Green’s function, i.e.,
given by (16b), with the numerical integration proposed
in [23]. It is observed that (16b) offers much faster computation
of the continuous spectrum part of the Green’s function with
acceptable accuracy. Therefore one of the main contribution of
this paper is to speed up the continuous spectrum evaluation by
using the proposed technique.
Table III compares the accuracy of different correction
methods employed in the CGF-RFFM formulation of a finite
dielectric structure. This table is intended to serve as a guiding
tool to select the appropriate formulation for a given structure.
It may be noted that the proposed correction methods are
independent of the locations of the source and field points;
thus they are carried out just once for a given structure, and
the derived Green’s function is valid for all source and field
points locations. It should be mentioned that completely exact
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TABLE III
ACHIEVED ACCURACY OF DIFFERENT CORRECTION METHODS EMPLOYED IN CGF-RFFM FORMULATION OF FINITE DIELECTRIC STRUCTURES

high refractive index contrasts, modification of the reflection
coefficient of surface waves from truncating surfaces or employing the mode conversions in the form of a scattering matrix
is required to achieve acceptable accuracy. The proposed CGFRFFM Green’s function exhibits excellent agreements with the
rigorous MoM results. Versatility of the proposed method allows one to compute the accurate spatial Green’s function of
finite multilayered structures easily. The closed form Green’s
function obtained by this method can be used in the MoM analysis of large structures with considerable decrease in memory
and CPU-time.
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for
Fig. 14. Comparison of the CGF-RFFM with MoM for magnitude of
a finite dielectric substrate with
,
,
, and
, where
and
, two approach are examined; first
correction using mode-matching method and the second including mode
conversion in CGF-RFFM.

results for all combinations of source and field points in various
types of dielectric substrates can be obtained if the term
is updated as well as the
part. The observable deviation
in the corners between the presented CGF-RFFM and the
exact result in Fig. 12 related to insufficient accuracy of
obtained from approximate separability assumption of our
nonseparable structure. The obtained exact Green’s function
can be imported in the integral equation and speed up the
MoM analysis of the structure in comparison by MoM analysis
with free space Green’s function to find equivalent surface or
volumetric current. Therefore, pre-processing of the structure
plus CGF-RFFM can reduce the CPU-time of analysis of the
structure while precision is preserved.
VI. CONCLUSION
In this paper a uniform and closed-form expression for the
spatial Green’s function of a finite dielectric substrate is presented. The proposed method is based on the application of the
rational function fitting technique in the characteristic Green’s
function formulation of the Green’s function. The numerical integration of the spectral integrals can be avoided entirely with
this method, leading to a significant decrease in the computation time. The solution is expressed as a combination of the
surface waves plus quasi leaky waves attributed to the continuous spectrum of the Green’s function. It was shown that for
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