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Preface

The microwave cavity resonators have been widely used in various equipment such
as microwave ovens, radars, and satellite communications since past few decades.
Recently, it is used in autoclave to achieve desire temperature distribution inside the
autoclave. In order to maintain the appropriate temperature inside the autoclave/
oven, it is necessary to estimate field distribution inside their cavity accurately.

In view of this, the EM analysis of field distribution inside some microwave
cavities is presented in this book based on three-dimensional FDTD method. For
the analysis, basically two types of closed microwave cavities are considered: (i)
domestic rectangular microwave oven and (ii) industrial hybrid-cylindrical micro-
wave autoclave. In these devices, the EM field distribution inside their cavity is
estimated in xy-, yz-, and zx-plane. Further, the field distribution inside autoclave
cavity is studied in the presence of cubic and cylindrical sample of composite
material to show its capability to cure the aerospace components and materials.

This brief is organized as follows: Section 1 deals with the introduction about the
work, and Sect. 2 describes the basic theory of FDTD method and its implemen-
tation. In Sect. 3, the EM field distribution inside domestic microwave oven is
discussed. The modeling of curved microwave cavities including analysis of
hybrid-autoclave is carried out in Sect. 4. Finally, Sect. 5 draws the conclusions
of the work carried out in the book.

Bangalore, India Shiv Narayan
K.M. Divya

V. Krushna Kanth
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FDTD Modeling of EM Field Inside
Microwave Cavities

1 Introduction

A microwave cavity is a closed metallic structure that confines electromagnetic
fields in the microwave region. The closed structure is filled with either air or
dielectric. As cavity is excited with microwave source (e.g., magnetron and kly-
stron), EM wave propagates inside the cavity and bounces back and forth between
the walls of the cavity resulting in the formation of standing wave inside the cavity
(Liao 1995). A microwave cavity is similar to a circuit resonator with low loss and
high-quality factor. There are different types of cavity resonators found in practice
such as rectangular cavity resonator, circular cavity resonator, and reentrant cavity
resonator. These resonators are used in the microwave ovens, radars, and satellite
communication systems.

A microwave oven is essentially a rectangular cavity with a turntable, a
microwave source, and a control system. The AC power supply is transformed to
DC for driving the magnetron source, which generates microwave signal at
2.45 GHz. In general, microwave oven is used as home appliances. If the door of
the oven which serves to secure the food item within the cavity is opened during the
operation, the safety switch automatically stops the power flow to the magnetron.
However, there is a microwave leakage through the gap between the door and the
oven cavity, even when the oven door is closed. The irradiated waves from the
chamber to the external environment include various higher order modes because of
the complexities of the oven structure (Kusama et al. 2003). This leakage affects the
wireless communications in indoor environment aircraft cabin at 2.45 GHz. Thus, it
is essential to study the field distribution inside the oven cavity and RF leakage
radiation from the door.

Recently, microwave oven is used to cure and sterilize materials and components
at different temperatures employed for aerospace and medical sectors, etc. (Samuel
1995). Such kind of oven is called as microwave autoclave. Generally, autoclave is
excited with multiple magnetron sources to control the field distribution and hence
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temperature distribution inside the autoclave cavity. It is essential to study the EM
(electromagnetic) field distribution to determine the temperature distribution inside
autoclave cavity. In order to analyze EM field distribution inside the closed mi-
crowave cavity (e.g., microwave oven and autoclave), several methods have been
proposed in the open literature. Initially, equivalent transmission line method was
proposed to determine the field distribution inside the domestic microwave oven
cavity (Watanabe et al. 1978). Further, full-wave method approaches were pre-
sented to analyze the EM field distribution inside the arbitrary-shaped and complex
microwave oven (Pourcq 1985; Jia and Jolly 1992; Dev et al. 2010).

This book deals with the EM analysis of various closed microwave cavities such
as microwave oven and autoclave of normal as well as hybrid shaped. The
three-dimensional finite difference time domain (FDTD) method is used for the
analysis as it is capable of handling closed microwave cavity problems in the
presence of complex materials and components. In this endeavor, EM field distri-
bution inside cavity is studied in different plane for (i) domestic microwave oven
and (ii) hybrid-cylindrical microwave autoclave. The details of the work are dis-
cussed in the following sections.

2 Finite Difference Time Domain Method

The electromagnetic FDTD algorithm was first introduced by Yee in 1966. The
algorithm was then modified, refined, and used by many researchers in different
areas of electromagnetics. This is a computationally efficient method of directly
solving the Maxwell’s time-dependent curl equations or their equivalent integral
equations using the finite difference technique. Since it is a time domain method,
the solutions can cover a wide frequency range with a single simulation run (Rao
1999). This method comes in category of resonance region techniques, i.e., ones in
which the characteristic dimensions of domain of interest are somewhere on the
order of wavelength in size.

The FDTD method belongs to the general class of grid-based differential time
domain numerical modeling methods. In this extensively computer-based numerical
method, the continuous distribution of electromagnetic fields in a finite volume of
space is sampled at distinct points in a space and time lattice, which is called as a
leap-frog manner. The electromagnetic wave propagation, scattering, and pene-
tration phenomena are modeled in a self-consistent manner by marching in time
step, and repeatedly implementing the finite difference numerical analog of
Maxwell’s equations at each spatial lattice point. This approach basically results in
a simulation of the actual coupled EM field full-wave solution by the sampled data,
propagating in a data space stored in a computer. The space and time sampling
increments are selected to avoid aliasing of the continuous field distribution and to
guarantee stability of the time-marching algorithm. The time marching will be
completed when the desired time or steady-state field behavior is observed.
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An important application of the latter is the sinusoidal steady state which eventually
results for a continuous sinusoidal incident excitation (Rao 1999).

2.1 Maxwell’s Curl Equations

The FDTD formulation basically initiates from the time domain Maxwell’s curl
equations. Consider a source-free region and its electromagnetic (EM) parameters
are independent of time. The differential time domain Maxwell’s equations in a
linear isotropic and frequency-independent medium are given as follows:

@H
@t

¼ � 1
l
r� E � d

l
H ð1Þ
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¼ � 1
e
r� H � re

e
E ð2Þ

where E is the electric field, H is the magnetic field, e is the electric permittivity, re
is the electric conductivity, and l is the magnetic permeability. d is the magnetic
resistivity which is included here to account for any magnetic loss and to get
symmetric equations.

Equations (1) and (2) can be expressed as six coupled scalar equations in the
Cartesian coordinate system (x, y, z) as given (Yee 1966):

@Hx

@t
¼ 1

l
@Ey

@z
� @Ez

@y
� dHx

� �
ð3Þ

@Hy

@t
¼ 1

l
@Ez

@x
� @Ex

@z
� dHy

� �
ð4Þ

@Hz

@t
¼ 1

l
@Ex

@z
� @Ey

@y
� dHz

� �
ð5Þ

@Ex

@t
¼ 1

e
@Hz

@y
� @Hy

@z
� reEx

� �
ð6Þ

@Ey

@t
¼ 1

e
@Hx

@z
� @Hz

@x
� reEy

� �
ð7Þ

@Ez

@t
¼ 1

e
@Hy

@x
� @Hx

@y
� reEz

� �
ð8Þ

The above six partial differential equations starting from (3) to (8) form the
building block for FDTD algorithm.
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2.2 Yee’s Algorithm

The FDTD algorithm proposed by Yee (1966) employs the second-order central
differences. The algorithm can be summarized as follows:

1. Replace all the derivatives in the Ampere’s and Faraday’s laws with finite
differences. Discretize the space and time so that the electric and magnetic fields
are staggered in both space and time.

2. Solve the resulting difference equations to obtain “update equations” that
express the (unknown) future fields in terms of (known) past fields.

3. Evaluate the magnetic fields one time step into the future so they are known and
effectively they become past fields.

4. Evaluate the electric fields one time step into the future so they are known and
effectively they become past fields.

5. Repeat the previous two steps until the fields have been obtained over the
required duration (Schneider 2010).

The system of six coupled partial differential equations of Eqs. (3) through (8)
forms the basis of the FDTD algorithm for electromagnetic radiation, interference,
and interaction with three-dimensional (3-D) objects. The Yee FDTD algorithm is
applied on a staggered grid as shown in Fig. 1, which centers its ~E and ~H com-
ponents in three-dimensional space in such a way that every ~E component is
surrounded by four circulating ~H components and every ~H component is sur-
rounded by four circulating ~E components (Taflove and Hagness 2005).

The Cartesian components of the electric field are the unknowns at first grid and
the Cartesian components of the magnetic field are the unknowns at the second grid
offset from the first by a half-cell distance in each Cartesian direction as shown in
Fig. 1. A space point in a rectangular coordinate system is denoted as
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Ex
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Ex Hz
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Fig. 1 Yee cell geometry
(after Yee 1966)
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i; j; kð Þ ¼ iDx; jDy; kDzð Þ ð9Þ

and a function of space and time in rectangular grid is defined as

Fn i; j; kð Þ ¼ F iDx; jDy; kDz; nDtð Þ ð10Þ

where Dx;Dy; and Dz are the lattice space increments in the x-, y-, and z-directions,
respectively. Dt is the time increment and i, j, k, and n are the integers. This is
known as centered finite difference with second-order accuracy. A space derivative
can be expressed as follows:
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ð11Þ

Similarly, the time derivative can be expressed in the same manner as
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To achieve the accuracy of Eq. (12), the electric field and the magnetic field
values on the two grids are evaluated at alternate half time steps, that is in the leap-
frog manner (Hussein and Sebak 1996). Substituting these expressions in equations
from Eqs. (3) to (8) results in a system of six difference equations. The samples of
FDTD expressions for an electric and a magnetic field component are expressed as
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Similarly, the other components of the electric and the magnetic fields can be
obtained.

2.3 Implementation of FDTD Method

In order to apply FDTD method, a computational domain is first established, which
is simply a physical region to perform the simulation. The E and H fields are then
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determined at every point in space within the computational domain. The material
of each cell within the computational domain must be specified which may be either
free-space (air) or metal or dielectric. In the computational domain, a material is
specified by its permeability, permittivity, and conductivity. A source is specified
soon after defining the computational domain and the grid materials. The selection
of source type depends on the applications. Some common sources are impinging
plane wave, current in a wire, and applied electric field. Since the E and H fields are
determined directly in the simulation, the output will be the E or H field at a point or
a series of points within the computational domain.

In order to achieve the stability of the time-stepping algorithm of simulation, the
space cell size and the time stepping should be considered carefully. The choice of a
cell size is critical in applying FDTD. It is required to ensure two points at the time
of defining the cell size: (i) It must be small enough to permit accurate results at the
higher frequency of interest, and (ii) cell must be large enough to keep computa-
tional requirements manageable. In the simulation, the cell size is directly affected
by the considered material. For instance, smaller cell size will be required for
material with higher permittivity and shorter wavelength at a given frequency. The
fundamental constraint for the cell size is that it must be much smaller than the
smallest wavelength for which accurate results are desired. In general, at least ten
cells per wavelength (i.e., cell size *k/10) are required in the FDTD simulation for
accuracy.

Once the cell size is determined, the maximum size of the time step Dt follows
immediately. To insure the stability of the time-stepping algorithm, Dt is chosen to
satisfy Courant inequality, given as

Dt� 1

cmax
1

Dx2 þ 1
Dy2 þ 1

Dz2

h i1=2 ð15Þ

where cmax is the maximum EM wave phase velocity in the medium and is
expressed as

cmax ¼ 1ffiffiffiffiffi
le

p ð16Þ

For several applications, the modeled structure is situated in free space, such as
scatterer and radiating antennas. In such cases, radiated field propagates into
boundless space. The usual measures involve the application of an outer radiation
boundary condition (ORBC) to absorb the scattered or radiated fields reaching at
the outmost boundary. There are several schemes to define such boundary.
A popular and easily applied ORBC, which is commonly known as Mur absorbing
boundary, or more particularly the first or second Mur boundary, depending on the
order of approximation used to determine the field on the boundary (Hussein and
Sebak 1996). However, Mur’s second-order ABC causes the generation of large
spurious wave components in the computational domain when applied to a
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boundary having dielectric discontinuity. This is due to the fact that in practice the
electromagnetic wave has different velocity in the media with different permittivity.
In contrast to this, Mur’s second-order ABC assumes all associated E-field com-
ponents to have similar permittivity and velocity at the boundary between two
dielectrics, which is indeed not true. To accomplish such problem, material ABC’s
called Berenger’s perfectly matched layer (1994), is constructed so that fields are
dampened as they propagate into the absorbing medium. In this brief, Berenger’s
PML boundary has been applied to solve the oven as well as autoclave problems.

3 Analysis of EM Field Distribution Inside the Microwave
Oven

In the present work, the EM analysis of field distribution inside the domestic
microwave oven is carried out using 3D FDTD method. The schematic of a typical
LG microwave oven (350 mm � 350 mm � 220 mm) is shown in Fig. 2, where
the oven mainly consists of a rectangular cavity which is excited by a TE10 mode of
plane wave with maximum amplitude of 0.3 V/m, through a rectangular waveguide
as given below,

Ez inc ¼ 0:3 sinð2pf � Dt � TÞ ð17Þ

where f is the frequency of operation and Dt is the time step. This plane wave
propagates inside the oven cavity and reflects back and forth from the cavity walls
resulting in the formation of the standing wave inside the cavity.

A turntable is employed to generate a time-averaged uniform microwave field to
achieve uniform heating within the cavity, which is desirable for cooking. The
proposed cavity has a door in the front, shown a bit apart. In order to study the EM

TE10 mode
excitation

220

Waveguide

x

z
y

155

140

Cavity

Gap

70

7040

350
350

4
DoorStanding 

wave pattern

Fig. 2 Schematic of the microwave oven. All dimensions in mm
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leakage from the oven, the gap between the door and the cavity is considered to be
4 mm, which seems to be large as compared to practical gap (2 mm). This much
gap has been taken to make its FDTD modeling more accurate since the cell size is
taken to be Dx ¼ Dy ¼ Dz ¼ 2 mm. According to FDTD method, the whole space
of EM analysis is divided into multiple small lattices, and electrical constants are
assigned to each lattice unit. The perfect electric conductor (PEC) boundary is
applied to the metal surfaces and perfectly matched layer (PML) boundary is
applied to the whole analysis structure as absorbing boundary.

3.1 RF Leakage Radiation

The EM analysis of RF leakage from the microwave oven is investigated using 3D
FDTD method. The oven structure is excited by a TE10 mode plane wave through
the rectangular waveguide as mentioned above. The standing waves are thus
formed inside the cavity as shown in Fig. 3. The power leaking from the upper part
of the oven door is computed as shown in Fig. 4, where the magnitude of the total
electric field Etot is shown. Further, the Etot component of electric field leaking
around the oven door is computed as shown in Fig. 5. It is observed that the upper
part of the door acts as the most probable leakage edge. It is also found that the
power leaking around the door is composed of mixed modes.

Fig. 3 Electric field standing wave pattern inside the oven cavity
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Fig. 4 Leakage of electric field at the upper part of the door

Fig. 5 Leakage of electric field around the door of the oven
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3.2 EM Field Distribution Inside the Oven Cavity

The EM field distribution inside the microwave oven is estimated in xy-, yz-, and
zx-planes of cavity using three-dimensional FDTD method. Here, the gap between
the door and the oven cavity has not been considered. This may be noted that in the
above-mentioned planes, magnitude of the total electric field is computed in the unit
of V/m and then normalized with the maximum field value in the corresponding
plane. Figures 6, 7, 8, 9, 10, 11, 12, 13, 14, and 15 represent the magnitude of total
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Fig. 6 Normalized total electric field (magnitude) distribution inside the oven cavity in xy-plane
at z = 20 mm
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Fig. 7 Normalized total electric field (magnitude) distribution inside the oven cavity in xy-plane
at z = 40 mm
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Fig. 8 Normalized total electric field (magnitude) distribution inside the oven cavity in xy-plane
at z = 60 mm
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Fig. 9 Normalized total electric field (magnitude) distribution inside the oven cavity in xy-plane
at z = 80 mm
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Fig. 10 Normalized total electric field (magnitude) distribution inside the oven cavity in xy-plane
at z = 100 mm
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Fig. 11 Normalized total electric field (magnitude) distribution inside the oven cavity in xy-plane
at z = 120 mm
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Fig. 12 Normalized total electric field (magnitude) distribution inside the oven cavity in xy-plane
at z = 140 mm
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Fig. 13 Normalized total electric field (magnitude) distribution inside the oven cavity in xy-plane
at z = 160 mm
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Fig. 14 Normalized total electric field (magnitude) distribution inside the oven cavity in xy-plane
at z = 180 mm
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Fig. 15 Normalized total electric field (magnitude) distribution inside the oven cavity in xy-plane
at z = 200 mm
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electric field distribution inside the cavity in xy-plane at different cuts along z-axis
measured from bottom to top of the cavity (i.e., 20, 40, 60, 80, 100, 120, 140, 160,
180, and 200 mm). It is observed that the electric field is more uniform near to the
bottom of the cavity as compared to the top side of the cavity in xy-plane. Here, a
band in the middle portion of each of the Figs. 6, 7, 8, 9, 10, 11, 12, 13, 14, and 15
is observed to appear that is due to the presence of opening of the waveguide of
magnetron source. Further, the total electric field (magnitude) distribution inside the
cavity is studied in yz-plane at different cuts along x-axis measured from back to
front of the cavity as shown in Figs. 16, 17, 18, 19, 20, 21, 22, 23, 24, and 25.
Finally, the total electric field distribution inside the oven cavity is determined in
zx-plane at different cuts along y-axis measured from right to left of cavity as shown
in Figs. 26, 27, 28, 29, 30, 31, 32, 33, 34, and 35. Here, a band appears in the
middle portion of zx-plane at all cuts due to the effect of magnetron source wave
guide.

To conclude, the total electric field distribution inside the oven is not uniform in
all planes. Moreover, it varies with respect to different cuts in each plane. The
amplitude of field distribution in xy- and yz-planes of the oven cavity is better than
that of zx-plane. In order to have uniform field distribution inside the oven cavity,
the position of microwave source needs to be optimized.
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1Fig. 17 Normalized total
electric field (magnitude)
distribution inside the oven in
yz-plane at x = 60 mm
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1Fig. 18 Normalized total
electric field (magnitude)
distribution inside the oven
in yz-plane at x = 100 mm
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1Fig. 19 Normalized total
electric field (magnitude)
distribution inside the oven in
yz-plane at x = 140 mm
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1Fig. 20 Normalized total
electric field (magnitude)
distribution inside the oven in
yz-plane at x = 180 mm
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1Fig. 21 Normalized total
electric field (magnitude)
distribution inside the oven in
yz-plane at x = 220 mm
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distribution inside the oven in
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1Fig. 23 Normalized total
electric field (magnitude)
distribution inside the oven in
yz-plane at x = 300 mm
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1Fig. 24 Normalized total
electric field (magnitude)
distribution inside the oven in
yz-plane at x = 320 mm
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1Fig. 25 Normalized total
electric field (magnitude)
distribution inside the oven in
yz-plane at x = 340 mm
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1Fig. 26 Normalized total
electric field (magnitude)
distribution inside the oven in
zx-plane at y = 60 mm
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1Fig. 27 Normalized total
electric field (magnitude)
distribution inside the oven in
zx-plane at y = 100 mm

Number of grids along z-axis of oven

N
um

be
r o

f g
rid

s a
lo

ng
 x

-a
xi

s o
f o

ve
n

0 20 40 60 80 100 120
0

20

40

60

80

100

120

140

160

180

0

0.2

0.4

0.6

0.8

1Fig. 28 Normalized total
electric field (magnitude)
distribution inside the oven in
zx-plane at y = 140 mm
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1Fig. 29 Normalized total
electric field (magnitude)
distribution inside the oven in
zx-plane at y = 160 mm

Number of grids along z-axis of oven

N
um

be
r o

f g
rid

s a
lo

ng
 x

-a
xi

s o
f o

ve
n

0 20 40 60 80 100 120
0

20

40

60

80

100

120

140

160

180

0

0.2

0.4

0.6

0.8
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electric field (magnitude)
distribution inside the oven in
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1Fig. 31 Normalized total
electric field (magnitude)
distribution inside the oven in
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distribution inside the oven in
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distribution inside the oven in
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4 Modeling of Curved Cavities Using FDTD

A uniform grid is very efficient for computing the inner domain of homogeneous
medium. However, modeling curved interfaces and boundaries, the approximation
becomes coarse because it is difficult to properly resolve the geometry using only
horizontal and vertical planes. This gives rise to Lego effect, where objects modeled
obtain a distinct block-shaped look. In order to model curved surface in FDTD, the
method used here is a stepped surface approximation called staircasing. The
staircase approximation is a method to represent a smooth transition between two
media (Taflove and Hagness 2005). In this approximation, each FDTD cell is split
up into subcells and the average dielectric properties are determined according to
the number of subcells in the first medium and in the other one. In staircase
approach, a continuous chain of zeros in the Ex and Ey values will represent a
perfect electric conductor boundary. The subcells give freedom to represent this
chain of zeros for curved structures along their diagonals. So the probability of error
in the staircase approximation-based modeling is reduced compared to the uniform
grid approximation.

In order to deal with a conformal structure, initially the overall problem space is
assumed to be free space. So, each cell is initialized to the values of permittivity, e,
and conductivity, r. Then each cell is divided into n number of subcells along
x- and y-axes. If the distance from the center to each subcell is within the radius, the
contribution of dielectric properties is added to the total e[n] and r[n] by subtracting
the previous values of e[n − 1] and r[n − 1] as given below (Sullivan 2000):
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eps ¼ epsþ 1
n2

� �
e ½n� � e ½n� 1�ð Þ ð18Þ

cond ¼ condþ 1
n2

� �
r ½n� � r ½n� 1�ð Þ ð19Þ

4.1 Validation of FDTD Modeling for Curved Structure

In order to examine the efficacy of the staircase approach, EM analysis of scattered
field from a dielectric cylinder illuminated by a plane wave is carried out using 2D
FDTD method. The FDTD simulation of the plane wave striking on a dielectric
cylinder is shown in Fig. 36. To simulate such geometry illuminated with plane
wave source, the problem space is divided into total field and scattered field region.
This is performed to avoid the interaction of propagating wave with the absorbing
boundary and to minimize the reflection load on the absorbing boundary conditions.
The error arising due to imperfect boundary can be reduced by subtracting the
incident field and hence reducing the number of waves hitting the boundary
(Taflove and Browdwin 1975).

In a two-dimensional FDTD model, entire field (electric or magnetic) will be
either in the scattered field region or in the total field region. If a point locates
within the total field, it uses the field values from outside to calculate the spatial
derivatives. On the other hand, if a point is positioned within the scattered field
region, it uses the values from the total field region. Such discrepancies need to be
modified, which can be accomplished by correcting the fields at three boundaries as
follows:

Scattering 
from the 
cylinder

Total field

Plane wave source y

xim
in

jm

jn

PML
Scattered field

Fig. 36 FDTD modeling of
2D dielectric cylinder
illuminated by plane wave

26 FDTD Modeling of EM Field Inside Microwave Cavities



1. The electric field density, Dz values at j = jm or j = jn

Dz i; jmð Þ ¼ Dz i; jmð Þþ 0:5 � Hx inc jm � 1=2ð Þ ð20aÞ

Dz i; jnð Þ ¼ Dz i; jnð Þ � 0:5 � Hx inc jn þ 1=2ð Þ ð20bÞ

2. The magnetic field, Hx just outside j = jm and j = jn

Hx i; jm � 1=2ð Þ ¼ Hx i; jm � 1=2ð Þþ 0:5 � Ez inc jmð Þ ð21aÞ

Hx i; jn þ 1=2ð Þ ¼ Hx i; jn þ 1=2ð Þ � 0:5 � Ez inc jnð Þ ð21bÞ

3. The Hy field just outside i = im and i = in

Hy im � 1=2; jð Þ ¼ Hx im � 1=2; jð Þ � 0:5 � Ez inc jð Þ ð22aÞ

Hy in þ 1=2; jð Þ ¼ Hy in þ 1=2; jð Þþ 0:5 � Ez inc jð Þ ð22bÞ

where Hx_inc and Ez_inc represent the magnetic and electric field components of
the incident plane wave. To assess the efficacy of the code, the computed scattered
field from the dielectric cylinder is validated with the reported results (Sullivan,
2000) for the design parameters: diameter of the cylinder, 20 cm; dielectric per-
mittivity, er = 30; and conductivity, r = 0.3. In the FDTD simulation, the problem
space is first assumed to be free space and each cell is divided into nine subcells.
The distance of each cell from the center of the problem space is then calculated.
The size of cell is considered to be 10 mm at frequency 0.3 GHz. Finally, the
cylinder is modeled using the below conditions:

If distance � cylinder radius
e = 30 and r = 0.3
Else e = 1 and r = 0.

The contribution of the dielectric properties to the total effective permittivity and
conductivity is determined from Eqs. (18) and (19). The scattered field from
dielectric cylinder is computed for the time steps, 25, 50, and 75, as shown in
Figs. 37, 38, and 39, respectively, and is validated with the reported results given in
Sullivan (2000). Excellent agreement is observed between computed and reported
results.

4.2 EM Analysis of Field Distribution Inside
the Hybrid-Cylindrical Microwave Autoclave

The EM analysis of field distribution inside the cylindrical microwave autoclave is
carried out in this work using three-dimensional FDTD method. The schematic of
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hybrid-cylindrical microwave autoclave is shown in Fig. 40, which mainly consists
of a cylindrical cavity. The cavity is excited with TE11 mode of plane wave by
multiple magnetron sources, viz, S1, S2, S3, S4, and S5 through circular waveguide
feed. This plane wave propagates inside the cavity and reflects back and forth from
the cavity walls, resulting in the formation of standing waves inside the cavity. The
autoclave here works on the principle of microwave heating. The dimension of the
proposed cylindrical autoclave is given in Table 1.

A circular turntable is employed to generate a time-averaged uniform microwave
field to achieve uniform heating within the cavity. The turntable is mounted over
the metallic plate, which is extended along the length of the cylinder. The region

Fig. 37 Ez component of plane wave impinging on a dielectric cylinder at time step, T = 25

Fig. 38 Ez component of plane wave impinging on a dielectric cylinder at time step, T = 50
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above the plate is the area of interest, where EM field distribution is intended to be
determined. This is called as the active region of the autoclave. The region below
the metal plate is a shadow region, where the propagation of EM field is completely
blocked by the metal plate and is termed as dead region.

The representation of plane wave in three dimensions is similar to that of two
dimensions except an additional surface (i.e., k surface). The consideration of EM
fields in three dimensions is represented in Fig. 41. Here, a plane wave is assumed
to be generated from a plane of the problem space. If it is considered to be in zx-
plane, the plane wave will be added at j = jm and subtracted out at j = jn. This is
accomplished by adding to D or H fields which are on the boundary and subtracting
out from those which are next to the boundary according to the expressions from
Eqs. (20a) to (22b). In addition, km and kn surfaces are also considered in 3D FDTD
simulation, as given in Eq. (23a, 23b)

Fig. 39 Ez component of plane wave impinging on a dielectric cylinder at time step, T = 75

Active region

Metallic cavity
Metallic plate

y

z
x

S1 S2

S4

S3

S5

Dead region

Fig. 40 Schematic of
hybrid-cylindrical microwave
autoclave
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Dyði; jþ 1=2; kaÞ ¼ Dyði; jþ 1=2; kaÞ � 0:5 � Hx incðjÞ ð23aÞ

Dyði; jþ 1=2; kb þ 1Þ ¼ Dyði; jþ 1=2; kb þ 1Þ � 0:5 � Hx incðjÞ ð23bÞ

According to FDTD method, the whole space of EM analysis is divided into
multiple small lattices, and electrical constants are assigned to each lattice. The cell
size is taken to be Dx ¼ Dy ¼ Dz ¼ 5 mm with respect to the operating frequency,
2.45 GHz. The perfect electric conductor (PEC) boundary is applied to the metal
surfaces, and perfectly matched layer (PML) boundary is applied to the whole
analysis structure as absorbing boundary. The EM field distributions inside the
cylindrical autoclave are determined by exciting it with a single as well as five
magnetron sources. The details of the EM analysis are discussed in the following
subsections.

4.2.1 EM Field Distribution Due to Single Magnetron Source

The EM field distribution inside the microwave cylindrical autoclave is determined
by exciting it with a single magnetron source S1, leaving all other sources short. In
FDTD simulation, the actual dimensions of the hybrid-cylindrical autoclave are

x

z

Plane wave
at j = jm

jnjm

in

im

km

kn

y

Fig. 41 Total and scattered
field in 3D FDTD simulation

Table 1 Design dimensions
of hybrid-cylindrical
microwave autoclave

Design parameters Dimension (mm)

Length of the cylinder 1500

Working diameter 790

Distance of the table from the top 620

Diameter of the source waveguide 100

Length of the source waveguide 40
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scaled down to 4, i.e., 1:4 ratios. In order to keep operating frequency fixed at
2.45 GHz, the magnetron source waveguide (cylindrical feed) has not been scaled
down. The excitation function for exciting the autoclave through circular waveg-
uide source S1 is expressed by (Liao 1995)

Er ¼ E0r � Jn
X 0
np � r
a

� �� �
� Sinðn/Þ e�jbgy ð24aÞ

where r represents the distance along radial direction of circular waveguide. bg is
the phase constant, a is the radius of circular source wave guide, X 0

np is the zeros of
Bessel function Jn, and E0r is the magnitude of plane wave. The first subscript
n represents the full cycle of wave along circumference of circular waveguide, and
p is the number of zeros of /-direction electric field along the radial direction of
circular waveguide. For TE11 mode, the Eq. (24a) is represented as

Er ¼ E0r � J1 X11r
a

� �� �
� Sinðn/Þ e�jbgy ð24bÞ

The value of J1 X11r
a

� �
is 0.58 at r = a. Hence, the value of expression inside the

square bracket will be a numerical value, which is taken to be 1 V/m in the FDTD
analysis for simplicity.

The EM field distribution inside the hybrid-autoclave is studied in xy-, yz- and
zx-planes of the autoclave for 600 time steps using 3D FDTD method as FDTD
solution is getting converge at chosen time step. Figures 42, 43, 44, 45, and 46

Fig. 42 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in xy-plane at z = 95 mm
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represent the electric field distribution inside the autoclave in xy-plane at different
cuts along z-axis (i.e., at z = 95, 175, 235, 315, and 455 mm) measured from front
to back side of the autoclave. It is observed that the field is fully distributed inside
the autoclave cavity across the xy-cross section. However, amplitude of field dis-
tribution is not uniform corresponding to different cuts along z-axis.

Fig. 43 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in xy-plane at z = 175 mm

Fig. 44 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in xy-plane at z = 235 mm
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Further, the electric field distribution inside the cavity is studied in yz-plane at
different cuts along x-axis (i.e., at x = 85, 145, 205, and 265 mm) measured from
left side to right side of the autoclave as shown in Figs. 47, 48, 49, and 50. It is
observed that the field distribution inside autoclave cavity is not uniform in yz-plane
corresponding to all cuts along x-axis. However, as we move from either left or

Fig. 45 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in xy-plane at z = 315 mm

Fig. 46 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in xy-plane at z = 455 mm
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right toward the middle portion of the cavity along x-axis, the field distribution is
observed to be more uniform. Finally, the electric field distribution inside the oven
cavity is determined in zx-plane at different cuts along y-axis (i.e., at y = 85, 125,
155, 185, and 225 mm) measured from top to the bottom of the autoclave as shown
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Fig. 47 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in yz-plane at x = 85 mm
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Fig. 48 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in yz-plane at x = 145 mm
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in Figs. 51, 52, 53, 54, and 55. It is observed that the field is not uniform in zx-plane
except at y = 155 mm and y = 225 mm. Thus, it is concluded that the single
magnetron source is not sufficient to achieve uniform field distribution inside the
proposed autoclave cavity.
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Fig. 49 Normalized total electric field (magnitude) distribution inside the cylindrical autoclave in
yz-plane at x = 205 mm
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Fig. 50 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in yz-plane at x = 265 mm
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4.2.2 EM Field Distribution Due to Five Magnetron Sources

The EM field distribution inside the microwave hybrid-cylindrical autoclave is
studied by exciting it with all five magnetron sources, viz, S1, S2, S3, S4, and S5
through the circular waveguide aperture (Fig. 40). In this case, the design
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Fig. 51 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in zx-plane at y = 85 mm
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Fig. 52 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in zx-plane at y = 125 mm
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dimensions of the hybrid-cylindrical autoclave are scaled down to 1:2 ratios for
FDTD analysis. In FDTD simulation, the locations of five magnetron sources are
modeled with regard to scaled autoclave geometry as shown in Fig. 56a and
compared with the actual locations of the sources (Fig. 56b). It is observed that the
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Fig. 53 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in zx-plane at y = 155 mm
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Fig. 54 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in zx-plane at y = 185 mm
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locations of five magnetron sources in FDTD modeling are exactly matching with
their actual positions.

The dimensions of whole problem space in terms of grid number are considered
to be 140, 140, and 220 along x-, y-, and z-axes, respectively (Fig. 41). The location
of scaled down (1:2 ratio) hybrid-cylindrical autoclave cavity within the whole
problem space is defined as

Along x-axis From i = 30th grid to i = 110th grid
Along y-axis From j = 30th grid to j = 90th grid
Along z-axis From k = 34th grid to k = 184th grid.

In order to examine the efficacy of the staircase approach, the EM field distri-
bution inside scaled down (1:2 ratio) model of proposed autoclave cavity excited
with single source (i.e., source, S1) is determined based on 3D FDTD in xy- and
zx-planes at particular cut along z- and y-axes, respectively. The results obtained
from the proposed FDTD (Figs. 57a and 58a) are compared with the corresponding
results (Figs. 57b and 58b) obtained from the standard commercial EM software
package. It is observed that the computed results obtained by the proposed FDTD
method match well with the results obtained from the commercial software
package.

Further, the electric field distribution inside the hybrid microwave autoclave is
studied in xy-, yz-, and zx-planes of autoclave for 740 time steps using 3D FDTD
method. Figures 59, 60, 61, 62, 63, 64, and 65 represent the electric field distri-
bution inside the autoclave cavity in xy-plane at different cuts along z-axis (i.e., at
z = 190, 290, 390, 590, 690, 890, and 910 mm) measured from front to back side of
the autoclave. It is observed that the field is fully distributed across the circular
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Fig. 55 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in zx-plane at y = 225 mm
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cross section at all cuts. Although the strength of the field is not uniform across the
circular cross section of autoclave, the field seems to be uniform near to the metallic
table. Further, the electric field distribution inside cavity is estimated in yz-plane at
different cuts along x-axis measured from left to right side of the autoclave as
shown in Figs. 66, 67, 68, 69, 70, 71, 72, 73, 74, and 75. It is observed that the field
distributions are very weak in yz-plane at the extreme left and right cuts. The
intensity of field distribution in yz-plane increases as plane moves to the center of
the autoclave from left to right side.

Finally, the electric field distribution inside the autoclave cavity is determined in
zx-plane at different cuts along y-axis measured from top to the bottom of the
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Fig. 56 a FDTD modeling of five magnetron source locations with respect to scaled down (1:2)
autoclave geometry. b Top view of actual hybrid-cylindrical autoclave excited with five sources
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Fig. 57 Normalized total electric field (magnitude) distribution inside the autoclave cavity excited
with single source in xy-plane at z = 70th grid (middle point of cavity length) computed based on:
a proposed FDTD method, and b software package
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autoclave as shown in Figs. 76, 77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89,
and 90. It is observed that the intensity of field distribution increases in zx-plane as
we move from top to the bottom. Moreover, the field distributions become uniform
in zx-plane near to the metallic plate. It is evident from the Figs. 88, 89, and 90. It
may to be noted that electric field in the above-mentioned planes is computed in the
unit of V/m and then normalized with regard to the maximum field value in that
plane.

To summarize, the electric field inside the autoclave is more properly distributed
due to the five sources as compared to single source. Further in the case of five
sources, the field distribution is found to be more uniform and intense in zx-plane
near to the metallic plate as compared to that of other planes. Finally, it is concluded
that with the current positions of the five sources on the autoclave, uniform field

Fig. 58 Normalized total electric field (magnitude) distribution inside the autoclave cavity excited
with single source in zx-plane at y = 14th grid (from the metallic plate) computed based on:
a proposed FDTD method, and b software package
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distributions can be achieved near to the metallic plate in all planes for curing the
material loaded on the turntable. This can be confirmed by keeping a sample inside
the autoclave cavity, which is discussed in detail as follows.

Fig. 59 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in xy-plane at z = 190 mm

Fig. 60 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in xy-plane at z = 290 mm
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Fig. 61 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in xy-plane at z = 390 mm

Fig. 62 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in xy-plane at z = 590 mm
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Fig. 63 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in xy-plane at z = 690 mm

Fig. 64 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in xy-plane at z = 890 mm
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Fig. 65 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in xy-plane at z = 910 mm
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Fig. 66 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in yz-plane at x = 170 mm
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Fig. 67 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in yz-plane at x = 210 mm
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Fig. 68 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in yz-plane at x = 250 mm
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Fig. 69 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in yz-plane at x = 290 mm

Fig. 70 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in yz-plane at x = 330 mm

4 Modeling of Curved Cavities Using FDTD 47



Number of grids along z-axis of autoclave

N
um

be
r o

f g
rid

s a
lo

ng
 y

-a
xi

s o
f a

ut
oc

la
ve

0 20 40 60 80 100 120 140 160 180 200 220
0

20

40

60

80

100

120

140

0

0.2

0.4

0.6

0.8

1

Fig. 71 Normalized total electric field (magnitude) distribution inside the cylindrical autoclave in
yz-plane at x = 370 mm
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Fig. 72 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in yz-plane at x = 410 mm
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Fig. 73 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in yz-plane at x = 450 mm
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Fig. 74 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in yz-plane at x = 490 mm
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Fig. 75 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in yz-plane at x = 530 mm
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Fig. 76 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in zx-plane at y = 170 mm
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Fig. 77 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in zx-plane at y = 190 mm
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Fig. 78 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in zx-plane at y = 210 mm
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Fig. 79 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in zx-plane at y = 230 mm
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Fig. 80 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in zx-plane at y = 250 mm

52 FDTD Modeling of EM Field Inside Microwave Cavities



Number of grids along z-axis of autoclave

N
um

be
r o

f g
rid

s a
lo

ng
 x

-a
xi

s o
f a

ut
oc

la
ve

20 40 60 80 100 120 140 160 180 200 220
0

20

40

60

80

100

120

140

0

0.2

0.4

0.6

0.8

1

Fig. 81 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in zx-plane at y = 260 mm
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Fig. 82 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in zx-plane at y = 290 mm
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Fig. 83 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in zx-plane at y = 310 mm
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Fig. 84 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in zx-plane at y = 330 mm
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Fig. 85 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in zx-plane at y = 350 mm
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Fig. 86 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in zx-plane at y = 370 mm
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Fig. 87 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in zx-plane at y = 390 mm
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Fig. 88 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in zx-plane at y = 410 mm

56 FDTD Modeling of EM Field Inside Microwave Cavities



4.2.3 EM Field Distribution Inside the Autoclave Cavity
in the Presence of Sample

In order to show the usability of the proposed autoclave (i.e., with five magnetron
sources) for curing the aerospace materials/components, a cylindrical sample of
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Fig. 89 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in zx-plane at y = 430 mm
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Fig. 90 Normalized total electric field (magnitude) distribution inside the hybrid-cylindrical
autoclave in zx-plane at y = 450 mm
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typical E-glass epoxy (er = 4.0 and tan de = 0.015) is kept at the middle portion of
the metallic table in a such way that the center of the cylinder axis located inside the
autoclave cavity at point (70th, 82nd, and 110th). The length and diameter of the
cylindrical sample are considered to be 300 and 100 mm, respectively. The field
distribution inside autoclave cavity is estimated in xy-, yz-, and zx-planes in the
presence of cylindrical sample. Figures 91, 92, and 93 represent the electric field
inside the autoclave in xy-plane in the presence of sample, where encircled portion
shows the field distribution across the cylindrical sample. It is observed that the
field distribution across circular cross section of the sample is uniform corre-
sponding to different cuts along z-axis.

Further electric field distribution is estimated inside autoclave cavity in yz-plane
in the presence of cylindrical sample at different cuts along x-axis, i.e., x = 325,
350, and 375 mm, which are shown in Figs. 94, 95, and 96, respectively. The field
distribution is observed to be uniform across the sample in yz-plane for different
cuts along x-axis. Finally, field distribution across cylindrical sample is studied in
zx-plane for different cuts along y-axis (Figs. 97, 98 and 99). The field distribution
across the sample is observed to be uniform in zx-plane corresponding to different
cuts along y-axis. Thus, the hybrid-cylindrical autoclave excited with five sources is
capable of curing aerospace materials and components especially more suitable for
UAV’s (unmanned air vehicles) and MAV’s components and materials.
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Fig. 91 Normalized total electric field (magnitude) distribution inside the autoclave cavity in the
presence of cylindrical sample in xy-plane at z = 450 mm (sample region is encircled in the graph)
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Fig. 93 Normalized total electric field (magnitude) distribution inside the autoclave in the
presence of cylindrical sample in xy-plane at z = 650 mm
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Fig. 92 Normalized total electric field (magnitude) distribution inside the autoclave in the
presence of cylindrical sample in xy-plane at z = 550 mm (sample region is encircled in the graph)
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Fig. 95 Normalized total electric field (magnitude) distribution inside the autoclave in the
presence of cylindrical sample in yz-plane at x = 350 mm (sample region is encircled in the graph)
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Fig. 94 Normalized total electric field (magnitude) distribution inside the autoclave in the
presence of cylindrical sample in yz-plane at x = 325 mm (sample region is encircled in the graph)
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Fig. 96 Normalized total electric field (magnitude) distribution inside the autoclave in the
presence of cylindrical sample in yz-plane at x = 375 mm (sample region is encircled in the graph)
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Fig. 97 Normalized total electric field (magnitude) distribution inside the autoclave in the
presence of cylindrical sample in zx-plane at y = 385 mm (sample region is encircled in the graph)
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5 Summary

This book dealt with the EM analysis of closed microwave cavities based on the
three-dimensional FDTD method. The EM analysis is carried out for: (i) rectangular
microwave oven and (ii) hybrid-cylindrical microwave autoclave at 2.45 GHz. The
field distribution is first estimated inside the domestic rectangular oven in xy-, yz-,

Number of grids along z-axis of autoclave

N
um

be
r o

f g
rid

s a
lo

ng
 x

-a
xi

s o
f a

ut
oc

la
ve

0 20 40 60 80 100 120 140 160 180 200 220
0

20

40

60

80

100

120

140

0

0.2

0.4

0.6

0.8

1

Fig. 99 Normalized total electric field (magnitude) distribution inside the autoclave in the
presence of cylindrical sample in zx-plane at y = 435 mm (sample region is encircled in the graph)
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Fig. 98 Normalized total electric field (magnitude) distribution inside the autoclave in the
presence of cylindrical sample in zx-plane at y = 410 mm (sample region is encircled in the graph)
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and zx-planes. In zx-plane of cavity, the field distribution is found to be more
uniform as compared to other planes. Further, the RF leakage from oven door is
determined at 2.45 GHz.

Furthermore, the EM analysis of hybrid-cylindrical autoclave is carried out
based on 3D FDTD using staircase approximation. The field distribution inside the
autoclave cavity is studied by exciting the autoclave with single and multiple (five)
magnetron sources. The field distribution inside the autoclave cavity is found to be
more uniform in the case of five sources. In addition, the five magnetron sources are
capable of forming almost uniform field distribution within a specific region inside
the autoclave cavity (i.e., from 55th grid to 95th grid along x-axis, from 60th grid to
92nd grid along y-axis, and from 55th grid to 175th grid along z-axis) near the
metallic table. In order to show the capability of autoclave (excited with five source)
for curing the aerospace components and materials, the field distribution inside the
autoclave cavity is studied in the presence of cylindrical sample of typical glass
epoxy. The field distribution is found to be almost uniform across the sample in all
planes. The proposed hybrid-autoclave can also be used to tune the field strength
and hence temperature distribution inside the autoclave. This book would help the
reader to design and analyze the field distribution inside the arbitrary-shaped
microwave cavities such as microwave oven and industrial autoclave.
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About the Book

This book deals with the FDTD-based EM modeling of microwave cavities such as
microwave oven and hybrid-cylindrical autoclaves. In this endeavor, the EM
analysis of field distribution inside a domestic microwave oven is first investigated.
Further, the RF leakage radiation from the oven door is studied.

In order to cure the aircraft material and components, a hybrid-cylindrical
microwave autoclave is proposed, which is excited with multiple magnetron
sources. The EM field distribution inside autoclave is analyzed using
three-dimensional FDTD in xy-, yz-, and zx-planes corresponding to different cuts
measured along z-, x-, and y-axes, respectively. To assess the capability of proposed
autoclave for curing the aircraft materials and components, the EM analysis of field
distribution inside autoclave cavity is studied in the presence of composite materials
of different shapes.

The FDTD-based modeling of microwave oven and autoclave is explained
herewith the appropriate expressions and illustrations. It is expected that this book
would definitely help the readers to design and analyze the arbitrary-shaped
microwave cavities such as microwave oven and industrial autoclave.
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