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Dielectric and Geometric Dependence of Electric
Field and Power Distribution in a Waveguide
Heterogeneously Filled with Lossy Dielectrics

Lhoussain Outifa, Michel Delmotte, and Henri Jullien

Abstract— In microwave processing of dielectric materials
which completely fill a waveguide, the distribution of the elec-
tric field within the material needs to be known. This paper
presents the theoretical conditions for the microwave cure of
large pieces, the size of which is more than the wavelength.
The mathematical description of heterogeneously multilayer-filled
waveguides presents certain difficulties because of the involved
transcendental equations. A computer treatment to determine
the electric-field spatial distribution is developed. The influence
of the dielectric constants and the thickness of the dielectric
materials on the spatial distribution of the electric field and power
flow in each layer is studied. In particular, the field strength
is enhanced in the dielectric with the highest permittivity. A
numerical resolution of the transcendental equations defining the
cutoff frequencies of propagation modes allows one to enumerate
the modes, which can successively appear in a dielectric-loaded
waveguide as functions of dielectric and geometric parameters.
The attenuation constant and the microwave power dissipated
in each material are determined. A balance sheet of energy is
established.

I. NOMENCLATURE

Attenuation constant.
Phase constant ( ).
Propagation constant ( ).
Permittivity in vacuum.
Relative complex dielectric permittivity ( ).
Relative dielectric permittivity.
Relative absorption factor (or loss factor).
Free space wavelength.
Cutoff wavelength.
Wavelength in waveguide.
Magnetic permeability in vacuum.
Length of the wider side of the waveguide cross
section.
Length of the shorter side of the waveguide cross
section.
Central part thickness in the dielectric filling of wave-
guide.

.
Microwave frequency (generally 2.45 GHz).
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Matériaux, C.N.R.S. URA 1219, ENSAM F 75013 Paris, France.

Publisher Item Identifier S 0018-9480(97)05369-6.

Cutoff frequency.
Wave propagation constant; or .
Input microwave power.
Transverse propagation constant in I and III (see text).
Transverse propagation constant in II (see text).

.

Wave impedance; .

II. I NTRODUCTION

T HE USE of microwave energy for the processing of
curing organic or inorganic composite materials requires

a good efficiency of the electric system and a total uniformity
of the spatial distribution of temperature [1]–[5]. To realize
conditions of both efficiency and homogeneity, the control
of heat source spatial distribution must be established. This
control first requires the control of electric-field distribution
[6]–[9]. This paper describes the basic data of this control
in a dielectric-loaded traveling-wave applicator, in which the
dominant mode is realized. This mode allows the largest
volumes with a homogeneous field distribution of the electric
field [6], [7] to be obtained.

Theoretical treatments of dielectric-loaded waveguides can
be found [10]–[15] because of the technologic interest of their
impedance characteristics in complex propagation systems
(phase shifters, for instance), but are restricted to nondissipat-
ing materials (absorption factor is equal to zero) and concern
telecommunication applications (waveguide devices). This pa-
per is outside of this area, but it appears that the question
of energy transfer to dielectric lossy materials by means of
microwave systems requires the study of the electromagnetic
(EM) propagation in specific applicators used for material
processing.

In convenient applications of the microwave power, the load
materials, and especially the material to be transformed, are
dissipating so that the microwave power is converted into
heat. In such a case, electric-field and microwave-power spatial
distributions are not well known and, as it might be expected,
present certain difficulties which do not arise with lossless
materials. Consequently, there is an urgent need to establish a
theoretical background for this type of microwave power use.

The dielectric characteristics (, ) of the material to
cure are the main basis; the objectives of the theoretical
developments are to select load dielectrics (for instance, in the
microwave processing of composite materials, the material to
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Fig. 1. Cross-sectional and longitudinal view of the applicator loaded with
the curing composite inserted inside a mold made of two dielectrics.

be performed is sandwiched between a number of dielectric
layers above and below) in order to obtain both a satisfactory
homogeneity of the transformation and the energy optimization
of the process. It must be noticed that the dielectric absorption
factors of mold materials used in the process are weak; the
material to cure is the dielectric with the highest absorption
factor.

In this paper, the electric-field and microwave-power spatial
distributions are studied versus the size and the permittivities
of materials. The conditions for only the dominant mode to
be selected are determined. The attenuation constant and the
density of absorbed power in a waveguide inhomogeneously
filled with lossy dielectrics are established.

III. T HEORETICAL ANALYSIS OF THE STRUCTURE

The experimental microwave applicator studied in this work
consists of a rectangular guide, standard or nonstandard,
oversized or not, related to the size of the objects to cure.
The guide is loaded with a number of dielectric layers as
shown in Fig. 1, such as the interfaces between dielectric
layers are parallel to the electric-field vector. The material to
be transformed is placed in the middle of the applicator, where
the electric field is maximum, and inside a dielectric layer the
permittivity of which is the same as the permittivity of the
material to be transformed. This dielectric layer is typically
the mold. Above and below this median part, dielectric layers
are characterized by their permittivity , with / ac-
cording to the electric-field focusing considerations developed
below. It follows that in a first step the simplified Fig. 2 can
be considered.

A. Electric-Field Distribution

In this section, the electromagnetic (EM) wave propagation
in the structures shown in Figs. 1 and 2 will be analyzed,
starting with the following Maxwell’s equations:

In general, the propagation modes in this structure are neither
TE nor TM, but a combination of both, hence their name
of hybrid modes [10]–[12]. However, considerations of the
boundary conditions lead to the fact that when there is no
variation of the electric-field component in the -direction,

Fig. 2. Cross section of the applicator loaded with two dielectrics.

only TE modes are to be considered [13]–[15], [19]. Thus,
for modes, the development of Maxwell’s equations
in the three dielectric layers of Fig. 2 leads to the following
differential equations that satisfies:

in regions I and III:

(1)

in region II:

(2)

with ( / ) and , and according
to the fact that the global expression of the electric field is

Assuming that , the electric field is always
a sinusoidal function of in II, while it can be either a
sinusoidal, linear, or exponential function of in I and III
depending on the sign of the quantity . The three
cases are detailed as follows:

sinusoidal function

linear function

exponential function

and are the squared normalized trans-
verse propagation constants in I and III and in II,
respectively, where

(3)

(4)

The boundary conditions are that (i.e., ) and
(i.e., ) are continuous functions at the interfaces defined as

and . It follows that

The modes are separated into and
modes. Hence, one gets

for modes ( even) (5)

for modes ( odd) (6)
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Fig. 3. Electric-field modulus profile along the larger side of the applicator,
as a function of the permittivity in the dielectrics I and III ("

0

2
= 4 in the

dielectric II; c=a = 0:27). 1: "0

1
= 1:1; 2: "0

1
= 4.

Using (6) for the dominant mode , and with (3) and (4),
one obtains

Solved by means of a computer treatment, this transcendental
equation gives the propagation wavelength, so that the
normalized eigenvalues and , which are the key to all the
previous field expressions, are determined.

Finally, the electric-field distribution inside the completely
and heterogeneously filled waveguide is given by the following
expressions:

region I:

region II:

region III:

Of course, these expressions satisfy the boundary conditions
of continuity, because and are calculated values satisfying
these conditions.

Typical representations of these functions are given in Fig. 3
with in the central part II, and in Fig. 4 with

. For low values of the permittivity in the peripheral
dielectric, the energy is largely concentrated in the middle of
the applicator, where the material to cure is located.

B. Microwave Power Flow in the Structure

Since the structure is symmetrical with respect to the plan
, the power-flow expression can be reduced to

a 2

d

Fig. 4. Electric-field modulus profile along the larger side of the applicator,
as a function of the permittivity"0

1
in the dielectrics I and III ("0

1
= 10 in

the dielectric II;c=a = 0:27). 1: "0

1
= 1; 2: "0

1
= 6; 3: "0

1
= 8; 4: "0

1
= 10.

TABLE I
VARIATION OF THE RELATIVE POWER FLOW IN THE MATERIAL TO CURE, AS A

FUNCTION OF THE PERMITTIVITY "
0

1
IN THE OUTER PART ("0

2
= 4; c=a = 0:27)

Substituting the values of and from the above
equations for the different regions, and evaluating the integral,
the total power flow becomes

with

in which is the cross section area of the guide
and is the wave impedance:

In the expression of , some numerical applications show
that the terms in and in can be neglected
when the electric field is focused in region II, as described by
curves 1 in Figs. 3 and 4.

The expressions of the power flow in region II containing
the material to cure, and the power flow in the remaining
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TABLE II
VARIATION OF THE RELATIVE POWER FLOW IN THE MATERIAL TO CURE, AS A FUNCTION OF THE PERMITTIVITY "

0

1
IN THE OUTER PART ("0

2
= 10; c=a = 0:27)

part of the guide (regions I and III) are

The relative power flow in region II, expressed as a ratio
of the total power flow and as a function of
is shown in Tables I and II for two values of .

Since a good efficiency for the utilization of the incident
power is obtained with the ratio as high as
possible, it is clear that the parametershould be as low as
possible. The same conclusion as in the preceding paragraph is
again found for the focusing of the electric field. It is important
to emphasize that this information is necessary for the buildup
of a homogeneous and optimal process.

C. Higher Order Modes

Considering the question of higher order modes, the con-
ditions of transmission of the and modes (first
and second higher modes) are examined. The consideration of
these conditions allows the realization of a dielectric mold,
which eliminates the ability for a higher order mode to travel
in the applicator, (i.e., which makes vanishing higher order
modes eventually excited by the interfaces). Thus, the cutoff
frequencies of and modes must be higher than the
frequency of the incident wave (commonly 2.45 GHz). The
cutoff frequency relations are easily found by setting
in (3) and (4); using (5) and (6), the transcendental equations
which give the cutoff frequencies of the modes are

(8)

and

(9)

The cutoff frequencies calculated from (8) and (9) for the
, , and modes are shown in Figs. 5 and 6

as functions of three variables , , and . The curves
show that a weak value for the ratio provides a very small
variation of the -mode cutoff frequency and a strong
variation of the cutoff frequency. Secondly, one can
discriminate the mode transmitted by the applicator when

Fig. 5. Variation as a function ofc=a of the cutoff frequencies of the
propagation modesTE01, TE02, andTE03. "0

1
= 1, "0

2
= 4.

Fig. 6. Variation as a function ofc=a of the cutoff frequencies of the
propagation modesTE01, TE02, andTE03. "0

1
= 1:5, "0

2
= 10.

is lower than the wave frequency (2.45 GHz, in this example).
Fig. 7 gives the results for several values of the permittivity in
the peripheral dielectric material and, therefore, the conditions
for the propagation of the mode related to the thickness
of region II of high permittivity with , which is a
usual value in organic matrix composite materials. Taking into
account these conditions, one can determine the limit load of
the applicator according to the value of permittivity
in regions I and III. Thus, Fig. 8 shows the nonlinear variations
of this limit load. It follows that beyond the value of 1.8 for

, the variation of (and, therefore, of the thickness of
curing material) leads to hazardous conditions; conversely, a
permittivity of 1.4 is already a good solution because the ratio

is almost constant down to the permittivity 1.0.
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Fig. 7. Cutoff frequency versusc and"0

1
for the first higher order propaga-

tion mode, with"0

2
= 4.

Fig. 8. Variation of (c=a)crit as a function of"0

1
, with "

0

2
= 4.

D. Wave Attenuation

It is assumed that the waveguide walls are of infinite
conductivity. Thus, the wave attenuation is only caused by
dielectric loss in load materials. The energy transfer in a
multilayer system must be analyzed. Indeed, the wave atten-
uation along the applicator governs the dissipation of power
in the material to cure, but the wave attenuation depends on
the geometric and dielectric characteristics of the multilayer
system.

Prior to determining the attenuation constantof the whole
system, one has to understand the physical significance of
this quantity. The wave carries an available EM power. In an
elementary volume, the length of which is , an elementary
part of this power is absorbed. Considering the electric-
field constant along , the expression of is

for each value of the propagation coordinate.
Assuming that only the fundamental mode is selected,

with parallel to -axis and constant along ,

Fig. 9. Parameters used for the description of a five-layer applicator.

is given by

with constant along too. Considering that electric and
magnetic fields are exponentially decreasing functions ofas

, the attenuation coefficient is such as

To perform the optimization of the thermal process, the
mold material must be less absorbent than the material to cure.
Consequently, one has to separate the power dissipated inside
the material and the power dissipated inside the dielectric
mold material. Fig. 9 shows the dielectric characteristics of
this central layer (permittivity , loss factor , thickness ),
which represents the material to cure, alike on Fig. 1. The
power flow through this layer is

expression in which is

These expressions allow to determine the power lost in
the structure

is given by

Using the electric-field expressions and after mathematical
developments, it becomes
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TABLE III
BALANCE SHEET OF ENERGY. INFLUENCE OF THE THICKNESS OF MATERIAL TO BE TRANSFORMED

and the final expression of the attenuation constant due to
dielectric loss is

The power dissipated in a length of loaded waveguide or
applicator is

or

Inside the three-layer system, the same definition of the
dissipated power by means of detailed equations can be
applied. Consequently, one obtains

corresponds to the power dissipated in I, to the power
dissipated in II, and to the power dissipated in the curing
material.

Table III reports the influence of the thickness of the
material to cure on the power dissipated in each layer of the
system, and on the power transmitted through a 200-mm-long
applicator.

IV. EXPERIMENTAL

This paper is devoted to a detailed electrical description
of a microwave curing process of epoxy-based composite
materials, completed with thermal considerations. Using an-
other more simple description, an experimental verification
was given in previous papers [7], [21].

The composite material to be cured was made of an epoxy
resin reinforced with glass fibers. The epoxy resin was a
stoichiometric mixture of diglycidyl ether of bisphenol-A
(DGEBA) with dicyanodiamide (DDA) as a curing agent. The
mold material was a silicone–glass composite Silirite Silicone.
The external dielectric of low permittivity was a honeycomb
polyimide material.

Fig. 10. Scheme of the final applicator (from [21]).

Fig. 11. Temperature–time variations in four points along the longitudinal
axis of a DGEBA/DDA/glass fiber composite sample during microwave
curing: all the points were cured with the same temperature–time profile,
with only a time lag due to wave attenuation (from [21]).

A scheme of the microwave applicator is shown in Fig. 10.
To maintain the traveling wave under fundamental mode

from the waveguide into the applicator, the operating
part described in Fig. 9 was inserted between two tapered
matched transition made of Silirite Silicone. The length of
these transitions was 110 mm. A mechanical pressure of 10
bar was applied to the system.

The sample size was 250 33 3 mm. The microwave
power was settled to 400 W for 20 min.

Temperature measurements were made by means of a four-
way Luxtron Fluoroptic thermometer, in four points on the
median line of samples. An example of the temperature–time
profile is given in Fig. 11. A satisfactorily homogeneity of
temperature was obtained: every point of the sample was
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Fig. 12. Electric-field modulus profile along the larger side of an applicator
filled up with a dielectric of permittivity"0. 1: "0 = 1; 2: "0 = 2; 3: "0 = 4;
4: "0 = 10.

cured with the same temperature–time profile, with only a
time lag due to wave attenuation. This assertion was con-
firmed by qualitative observations on thermosensitive paper
replicas, showing the homogeneous temperature distribution,
which suggested a homogeneous electric-field distribution, and
by quantitative glass transition-temperature measurements in
cured composites [21].

V. CONCLUSION

The analysis presented in this paper shows the importance of
an EM modeling for the buildup of a homogeneous optimized
microwave curing process. It is shown that the efficiency of
the microwave process depends on the achieved realization
of the applicator loading. The conclusion of this theoretical
work is that one can now manage the energy focusing and
optimize the homogeneity of treatment by a suitable choice
for the dielectric mold materials. This work shows that the
dimensions and the dielectric characteristics of the material
to be cured are the main elements determining the optimal
thickness and dielectric characteristics of the mold materials.
Moreover, since the power dissipation in a multilayer system
can be determined, it is now possible to establish a balance
sheet of energy in the applicator for the microwave processing
of manufactured materials.

APPENDIX

In a homogeneously filled rectangular waveguide,
(relative permittivity); for the dominant mode

the vector components of the EM field are

The transverse electric profile is typically sinusoidal, as in
Fig. 12, for different values of . From the Poynting theorem,

the power flow through the cross section is given by

Substituting the values of and and the propagation
wavelength , and evaluating the integral, the final expression
of the power is
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pression ḿecanique,” French Patent 2 669 557, May 29, 1992.

[6] E. B. Manring and J. Asmussen, “Numerical calculations for single
mode, continuous processing of rods and filaments,”Polym. Mater. Sci.
Eng., vol. 66, pp. 476–477, 1992.

[7] L. Outifa, H. Jullien, and M. Delmotte, “The microwave curing of large
size epoxy-glass composite samples: How to make it homogeneous,”
Polym. Mater. Sci.(Eng.), vol. 66, pp. 424–425, 1992.

[8] W. I. Lee and G. S. Springer, “Microwave curing of composites,”J.
Compos. Mater., vol. 18, pp. 387–409, 1984.

[9] B. Krieger, “Vulcanization of rubber, a resounding success for mi-
crowave processing,”Polym. Mater. Sci. Eng., vol. 66, pp. 339–340,
1992.

[10] C. Yu and T. Chu, “Analysis of dielectric-loaded waveguide,”IEEE
Trans. Microwave Theory Tech., vol. 38, pp. 1333–1338, Sept. 1990.

[11] M. E. El-Shandwily and S. M. El-Dinary, “Traveling wave coherent light
phase modulator,”IEEE Trans. Microwave Theory Tech., vol. MTT-20,
pp. 132–137, Feb. 1972.

[12] F. E. Gardiol, “Higher order modes in dielectrically loaded rectangular
waveguides,”IEEE Trans. Microwave Theory Tech., vol. MTT-16, pp.
919–924, Nov. 1968.

[13] N. Eberhardt, “Propagation in the off centerE-plane dielectrically
loaded waveguide,”IEEE Trans. Microwave Theory Tech., vol. MTT-15,
pp. 282–289, May 1967.

[14] P. H. Vartanian, W. P. Ayres and A. L. Helgesson, “Propagation in
dielectric slab loaded rectangular waveguide,”IEEE Trans. Microwave
Theory Tech., vol. MTT-6, pp. 215–222, Apr. 1958.

[15] R. E. Collin,Field Theory of Guided Waves. New York: McGraw-Hill,
1960, ch. 6.

[16] L. G. Chambers, “Propagation in waveguides filled longitudinally with
two or more dielectrics,”Br. J. Appl. Phys., vol. 4, pp. 39–45, Feb.
1953.

[17] N. Marcuvitz,Waveguide Handbook. New York: McGraw-Hill, 1951.
[18] T. Moreno, Microwave Transmission Design Data. Norwood, MA:

Artech House, 1989, ch. 11.
[19] W. E. Hord, “Continuously tapered dielectric matching transitions for

waveguides,” Ph.D. dissertation, Dept. Elect. Eng., Univ. Missouri,
Rolla, MO, 1966.
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