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Abstract

The increase in the use of mobile communications requires an effective means to compare
the efficiency ofmobile phones. This study shows that a human operating a mobile phone
will have an influence on the efficiency of the phone. Three different mobile antenna types
were examined: a wire, helix and patch antenna. The testing set-up was in an anechoic
room with and without a human test person. The spherical radiation pattern shows that the
interaction of the mobile phone with the test person depends on the kind of antenna that is
used for the phone. The testing set-up gives an indication of the performance of a mobile
phone, but is not suitable to use as a standard comparison method. Different test persons
with the same mobile phone will have different testing results. In this study the effect of the
human head on a mobile antenna was analysed using a model antenna and a model head of
cubic and spherical shape.

A simplified short-circuited microstrip patch antenna was modelled with the cavity and the
FDTD method. The FDTD model was simulated with the computer program XFDTD. The
cavity model can only be used to calculate the electromagnetic fields for the most simple
antenna shapes and the interaction with the simplest objects. However, it gives a good
physical insight in the radiation properties of the antenna. The FDTD model gives less
insight in the physical situation, but it is more accurate in describing the antenna

Keeping the limitations ofFDTD in mind a short-circuited microstrip antenna with a centre
frequency of about 1 GHz has been designed. This antenna was modelled in FDTD and has
been constructed. The constructed antenna was measured in an anechoic room and
simulated with FDTD for three different situations: free space, a globe filled with fluid and
a cube filled with fluid. The free space situation was measured and simulated for the E- and
H-plane. The measurements are within the predefined uncertainty bandwidth of the
simulation. The FDTD simulation can be used to predict the free space radiation pattern of
the antenna in free space. To predict the effect of a human head on the characteristics of the
radiation pattern of the antenna a phantom was used. Two different phantoms were used, a
cube and a globe. The radiation pattern of the H-plane of the antenna and the interaction
with the cube was simulated and measured. The simulation and the measurement did not
match exactly. The most important characteristics are, however, the same. The simulation
and measurement for the globe-set-up is not exactly within the predefined uncertainty
bandwidth. The simulation gives, however, a good indication of the expected radiation
patterns.

It was found that FDTD is a useful simulation method to get an indication of the interaction
between an antenna and a model of a head. It is, however, not more than an indication
because FDTD limits the description of the antenna and the head. FDTD is also more useful
to simulate the radiation pattern than the input impedance

The FDTD model shows the interaction of the antenna with the model of a head. Only two
dimensional radiation plane measurements and simulations were taken, but it was shown
that the model of the head has an effect on the radiation pattern of the antenna. This model
can be used to compare the radiation patterns of different mobile phones.
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Chapter 1. Introduction

The success of mobile communication and the expected increase in the coming years of this
communication medium demands a better understanding of the efficiency of mobile
communication tools e.g. mobile phones. The current method to measure the efficiency of a
mobile phone is not based on the actual use. The measurements are taken in free space. The
interaction with a human user is not accounted for. The human user has an effect on the
efficiency of a mobile and thus a human model must be added to the testing method to acquire
a better and accurate measurement.
The EM fields of basic shapes of antennas can be determined analytically. This changes when
the shapes are more complex and the influence of a human user must be taken into account.
The analytical solutions are too complex to be solved, so a numerical solution must be found.
Finite Difference Time Domain is a simulation method to find a numerical solution. FDTD is
used to model a basic quarter wave microstrip patch antenna. The radiation pattern and input
impedance are compared with the analytical solution to show the accuracy ofFDTD.
A simple quarter wave microstrip patch antenna that resembles an antenna used in a mobile
telephone is designed and constructed. Measurements are taken in free space and with a
model of a head. These measurements are compared with a solution found with FDTD. The
comparison gives an indication of the usefulness ofFDTD in finding the interaction with the
human user and the effectiveness of the mobile phone.
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Chapter 2. Interaction of the mobile phone with the human user

2.1. Introduction
The enormous increase in the last few years ofmobile communication gives rise to an
efficient way to test and compare mobile phones. Nowadays only the characteristics ofthe
phones in free space are tested, but the human user influences the performance of the mobile
phone. Mobile communication providers, manufactures and research institutes are working
together in COST 259 to find a uniform method for a simple, yet accurate way to test and
compare the mobile phones. The test set-up ofKPN Research is looked at and the results of
some measurements are given.
There are different ways to simulate the EM field of a mobile phone. One such way is using
an analytical method. A disadvantage of this is that only the most basic shapes can be solved
or the problem will be too complex to solve. A numerical method like Finite Difference Time
Domain must be used for more complex problems. Another advantage of this method is that
the solution is given in the time domain. This makes it possible to generate the frequency
domain from one time domain solution through a Fourier transformation. To show the
accuracy of the numerical FDTD method, the model is compared with an analytical method
for a simple patch antenna configuration.
To determine the effects of the interaction of a mobile phone and a model of a human user
with the FDTD method, all the parameters of the mobile telephone antenna must be known.
Generally we do not know these parameters, so a patch antenna is designed and built. This
antenna can be simulated with FDTD. The simulation results of the antenna and the
interaction with a model of a human user can be compared with the measurements.

2.2. Different ways to test the interaction of a mobile phone with the human
user
The method to measure the characteristics of a mobile phone and the interaction with the
human user has to satisfy certain requirements:

The testing results must agree with measurement taken from the different mobile networks
The testing method must be reproduced at different research institutes
The effect of the interaction of the human user has to be taken into account
The testing method must be fast and simple

The different measurement set-ups that are proposed in COST 259 are located in an anechoic
EMC room. The easiest way to measure the mobile phone is by 2D-radiation measurements.
This gives only an indication of the complete radiation pattern because only one plane is
measured. A spherical 3D-radiation measurement gives all the important information, but the
measurement time is increased considerably. An example of the set-up at KPN Research of a
single plane (2D-) measurement with and without a human test person is given in figure 2.1.
The ground of the anechoic room is covered with absorbers to make sure that only the line of
sight radio wave is taken into account. The mobile phone is put on a turntable with the height
of a human user. The base station height is changed to the same height as the phone. The
phone makes a 300 angle with the vertical plane to mimic the normal angle the phone is used.
The turntable is turned 3600 and the up- and downlink signal strength of the mobile phone is
measured against the azimuth angle. This is done with and without a human user.
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Figure 2.1. Measurement set-up KPN: Single plane radiation pattern ofa mobile phone in an
anechoic EMC room

A more detailed description of this measurement set-up and other measurement set-ups is
given in [I]. In the same report three mobile phones with different kind of antennas-wire,
helix and patch- were tested with this measurement set-up

Mobile telephone with a wire antenna
The influence of the test person is clearly visible in figure 2.2. The measurements are taken in
the Azimuth plane. The solid line represents the free space measurement. The radiation
pattern is not completely ornni-directional. The dotted (+) line represents the measurement
with a test person. At 340 degrees the head of the test person is precisely between the mobile
phone and the base station. The difference in signal strength is here at its maximum. After 90
degrees rotation from this point the signal strength in the measurement with a test person is
increased when compared with the free space measurement. This can be caused by reflection.
When the turntable is 90 degrees further on the test person stands behind the mobile phone in
relation to the base station. A small decrease in signal strength is noticed when compared with
the free space measurement. A possible reason for this is the obstruction of the radiation path
by the hand. When the free space measurements for this observation plane are compared with
the measurements with a test person, the overall performance is best for the free space
situation.

3



90
45.7

dB

270

o

Figure 2.2. Azimuth plane measurements ofthe uplink ofthe mobile phone with a wire
antenna. The ('+ ') dotted line represents the measurement with test person and the solid line
represents the measurement in free space. The centre ofthe polar plot is the minimum value
ofboth measurements. The value in dB is the difference with the centre

Mobile telephone with a helix antenna
At every angle the signal strength in free space is larger than the measurement with a test
person (figure 2.3). The difference between the measurement in free space and with a test
person is larger than for the mobile phone with a wire antenna. The test person, and in
particular the hand that holds the mobile phone obstructs the radiation path more for this
situation than for the situation with a helix antenna.
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Figure 2.3. Azimuth plane measurements in the uplink ofthe mobile phone with a helix
antenna. The solid line represents the free space measurement en the ('+) dotted line
represents the measurement with a test person. The centre ofthe polar plot is the minimum
value ofboth measurements. The value in dB is the difference with the centre

Mobile telephone with a patch antenna
The signal strength is noticeably smaller with a test person compared with the measurement in
free space. The obstruction of the radiation path by the test person and the hand for the patch
antenna is greater than for the wire antenna and the helix antenna (figure 2.4).
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Figure 2. 4.Azimuth plane measurements in the uplink ofthe mobile phone with a patch
antenna. The solid line represents the free space measurement en the ('+) dotted line
represents the measurement with a test person. The centre ofthe polar plot is the minimum
value ofboth measurements. The value in dB is the difference with the centre
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Comparison of the free space measurements of three mobile phones
The three mobile phones transmit with 2 W. The uplink signal patterns of the phones in free
space are compared in figure 2.5. In most of the angles the phone with a wire antenna has the
best performance, followed by the phone with the helix antenna and finally that with the patch
antenna.
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Figure 2.5. Azimuth plane measurements ofthe uplink ofthree mobile phones infree space.
The ('x') dotted line represents the phone with the wire antenna, the ('-') dotted line
represents the phone with the helix antenna andfinally the solid line represents the phone
with the patch antenna. The centre ofthe polar plot is the minimum value ofthe three
measurements. The value in dB is the difference with the centre

Comparison of the measurements with a test person of three mobile phones
The uplink of the three phones with a test person is compared in figure 2.6. This shows the
same pattern as in figure 2.5 for the free space situation. The signal strength in most of the
angles is largest for the phone with the wire antenna, followed by the phone with the helix
antenna and finally the phone with the patch ;mtenna.
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Figure 2. 6.Azimuth plane measurements ofthe uplink ofthree mobile phones with test person.
The ('x~ dotted line represents the phone with the wire antenna, the ('-') dotted line
represents the phone with the helix antenna andfinally the solid line represents the phone
with the patch antenna. The centre ofthe polar plot is the minimum value ofthe three
measurements. The value in dB is the difference with the centre

Although the three mobile phones performed different in free space, the differences increased
in the measurements with a test person. This means that the interaction of the antenna with the
human body depends on the kind of antenna. The phone with the wire antenna performed
better than the helix antenna and the helix performed better than the patch antenna. This is as
expected. The wire antenna sticks partly out over the head so is less disturbed by the test
person. The helix antenna doesn't stick out over the head, but is not covered by the hand,
unlike the patch antenna. This testing set-up gives an indication of the performance of a
mobile phone, but is not suitable to use as a standard comparison method. The reason for this
is the dependency of the test person for the measurement results [I].
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2.3. The use of the patch antenna in mobile phones
Mobile phones with a patch antenna are very popular even though it is not broadband and
efficient. This kind of antenna can be manufactured cheaply and is more aesthetic in use for
mobile phones. In the previous section three mobile phones, each with a different kind of
antenna, are compared. It was shown that the influence of the human body was most
noticeable for the mobile phone with the patch antenna. An important reason for this is that
the hand covers partly the patch antenna. Because we are interested in the interaction of the
human body with a mobile phone, the patch antenna is examined more extensively.

2.4. Simulating the characteristics of a mobile phone and the interaction with a
human user
The transmission-line, cavity or full-wave methods are just three ways to simplify and model
the patch antenna [I]. These models give a good indication of the working of the patch
antenna, but they are either not accurate to calculate the interaction between the antenna and a
model of a human body (transmission-line, cavity) or too complex to solve except for the
most basic forms (cavity, full-wave). However, there is a direct way to find the EM field
generated by the antenna and the human body. The basic Maxwell equations are discretized
and applied to every grid space in the area of interest. Now it is possible to find the EM field
for more complex objects and the interaction between an antenna and a model of a human
user. Another advantage is that the EM fields are calculated in the time domain, thus with
Fourier transformation it is possible to calculate the effect over a range of frequencies from
only one time-domain solution. This method is called Finite Difference Time Domain and
requires a lot of computation time. But with the advance of the ever-faster PC's it is possible
to simulate these kinds of situations.
To show the accuracy of the numerical FDTD model it is compared with the analytical cavity
model. This is only done for the simplest configuration of a short-circuited half wave patch
antenna.
To obtain a satisfactory solution with the FDTD method, the actual circumstance must be
described as accurately as possible. The parameters of a mobile phone (material, how it is
build) must be known exactly to make a simulation with FDTD. Unfortunately the
manufacturer does not supply these kinds of parameters. The only possibility left is to design
a patch antenna, so all parameters are known and can be implemented in the FDTD model.
Measurements and simulation of this antenna with and without a model of a human user can
be taken and compared.
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Chapter 3.Theory of the short-circuited microstrip patch antenna

3.1.1ntroduction
The microstrip patch antenna is frequently used in mobile phones. The reason for this is
mainly financially and aesthetically. A special kind of microstrip patch antenna is the short
circuited (or quarter wave) microstrip patch antenna. The main advantage of this type of
antenna over the normally used half wave microstrip patch antenna is a reduction of the
dimensions. The quarter wave microstrip has half the length of the normal microstrip patch
antenna.
The electric field distribution of a half wave microstrip patch antenna is explained briefly with
the cavity model. This is used to derive the working ofthe short-circuited microstrip patch
antenna analytically. An analytic representation is given of the radiation pattern and
impedance of the short-circuited microstrip patch antenna.

3.2. The electric field distribution of a half wave microstrip patch antenna
The cavity model is used to give a simple analytic derivation of the halfwave microstrip
patch antenna. A more detailed analysis is given in [I], [II].
An illustration of the half wave microstrip patch antenna and the equivalent cavity model is
given in figure 3.1 and 3.2. The antenna consists basically of a metal ground plate and a
substrate layer (with a dielectric value Er ). The metal patch is placed on top of the layer. A
microstrip line or a coaxial connection feeds the antenna. The cavity model treats the antenna
as a rectangular cavity with an infinite large metal ground plane. The walls are composed of
magnetic conductors, the roof and bottom consists of electric conductors.

- __ L

t

Substrate

Croundplane

Figure 3.1. The halfwave microstrip patch antenna

The lowest resonant frequency is referred to as the dominant mode. Ifwe assume a relatively
small dielectric with layer height t and the only mode of interest is the dominant mode, than
the electric field distribution is given in figure 3.2 (left). The resonant frequency for the
dominant mode is approximately:
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1 c
f=-·

L+~ 2F:

• tl2 account for the fringing fields at the parameter of the patch
• 1;, is the permittivity of the substrate
• c is the speed oflight 3.108 m/s

eq.3.1

Most of the time a very small substrate thickness is assumed thus often the parameter t may
be neglected.

The wavelength ofthe electric field in the substrate with permittivity Er is:

As = ~ = (L + };i). 2
"1/&,

eq.3.2

Since the thickness of the substrate is relatively small, the size of the patch is about half a
wavelength. Hence the name 'half wave' microstrip patch antenna.

t

w w

Figure 3.2. The field distribution E (left) and equivalent magnetic current M (right) ofa
rectangular microstrip patch antenna for the cavity model

The electric fields in the cavity are known, so the equivalent magnetic currents on the four
walls of the cavity (also called 'slots') can be determined [II, 575]. These magnetic currents
are used to determine the radiation pattern of the microstrip patch antenna. The equivalent
electric current density is assumed to be very small and will be neglected from now on [I].

3.3. The electric field distribution of a short-circuited microstrip patch antenna
A simplified model ofthe short circuited patch antenna is given in figure 3.3.
This is essentially a half wave microstrip antenna, short-circuited half the length L of the
patch, where the potential is zero. The metal short circuit forces the electric field to be zeroing
there, so only half the patch length is used to retain the same resonance frequency. The
electric field distribution is not changed in the remaining part of the patch antenna. The length
of the antenna is about a quarter wavelength of the electric field in the dielectric, hence the
name 'quarter wave' microstrip patch antenna.
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Figure 3.3. The electric field distribution Ea (left) and the equivalent magnetic currents Ms

(right) ofa short-circuited microstrip patch antenna

Now the electric field distribution is known, the equivalent magnetic currents can be found
for the three slots with the following equation:

eq.3.3

Where -n is the vector perpendicular to the surface and pointing into the cavity and Ea is the
electric field at the slots. Because an infinite ground plate is assumed, the actual magnetic
current is:

M s = -2n x Ea eq.3.4

3.4. The electric far field
The electric field distribution and the equivalent magnetic currents of the previous paragraph
are used to calculate the electric far field, the radiated power and the resonance input
impedance. This is done on a similar fashion as the calculating on an aperture antenna [II,
chapter 12]. There are three radiating surfaces (figure 3.4 left). Slot 1 is called the radiating
slot. Slots 2 and 3 are called the non-radiating slots. In a normal half wave microstrip antenna
the radiation in the principal planes are only produces by the radiating slots, hence this
denomination.

The radiating slot
The co-ordinate system used and the location of slot 1 are given in figure 3.4. The aperture of
slot 1 (figure 3.4 left) is parallel to the x-z plane. The differential path for this co-ordinate
position is:

r' cos If/ = x' sin () cos ¢ + z' cos ()

With a differential area of:

ds'= dx'dz'

The magnetic current is found with equation 3.4 and is:

eq.3.5

eq.3.6

eq.3.7

Because the electric current density is assumed very small this will be neglected. The
equations to calculate the total E fields are:
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L<j> and La are:

L¢ = H[-Mxsin¢+Mycos¢]e+jkr'cOS\IIds'

M =M =0x y

Mz=M.

eq.3.8

eq.3.9

t

---r~

\8

Figure 3.4. Co-ordinate system ofthe patch antenna (left) and the radiating plane slot 1
(right)

For the magnetic current found in equation 3.7 La is:

t 12 w/2

Le =-2Eo HsinB[ejkr'coS\II]ds'= -2Eo f fsinB[ejk[X'Sinecos¢+z'coSe]]dx'dz'
-tI2-w/2

The integration can be solved with the following equation:

c/2 [ • (a )]Jejcxzdz = c sm.!!.~c
-c/2 2

So La results to:

12

eq.3.10

eq. 3. 11



L(} =-2EoSin(O)w{ si:X Si~Z]

X = tksinOcosrjJ
2

Z = wkcosO
2

And EcjJ results to:

E - - jke-
jkr

2E . (0) [sinX sinZ]
¢ - osm wt ----

4nr X Z

For small values of t (kt«l) this reduces to:

. wkcosO
"V, -jkr sm( )

E =- } oe sin 0 2
¢ nr cosO

where

eq.3.12

eq.3.13

eq.3.14

Vo=tEo

Because an infinitely large ground plane is assumed only the area above the ground plane is
taken into account. Equation 3.13 reduces for the radiation pattern of the principal E-plane
(8=900, 00:::;~:::;90 and 2700:::;~:::;3600) to:

For small values of t (kt«l) this reduces to:

E __ 1 ke-jkrVow
¢- 2 nr

This gives a uniform radiation pattern in the principal E-plane.

13

eq.3.15

eq.3.16
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Figure 3.5. Radiation pattern in the principal E-plane ofthe short-circuited microstrip patch
antenna
Equation 3.13 reduces for the radiation pattern of the principal H-plane (~=Oo, Oo~e:S;l800) to:

1
.(tksin(}) . (WkCOS(})]

'k -jkr sm sm-Je. 2 2
E~ = 2Vosm((}) k . () k ()4nr t sm W cos

2 2

A simpler equation can be found for small heights (kt«1)

k -jkr 1Sin(WkCOS(})]
E~ = - J e 2Vosin((}) k 2 ()

4nr W cos

2

This gives the radiation pattern of the principal H-plane.

0.8

eq.3.18

\
0.6

0.4

0.2

-0.4 -0.2 0.2 0.4
Figure 3.6. Radiation pattern in the principal H-plane ofthe short-circuited microstrip patch
antenna
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The non-radiating slots
The co-ordinate system used and the location of slots 2 and 3 are given in figure 3.4. A more
detailed co-ordinate system of the aperture of slot 2 and 3 is given in Figure 3.7. The
differential path for this co-ordinate position is:

r'coslj/ = x'sinO cos¢ + y'sin 0 sin¢

The differential area is:

ds'= dx'dy'

eq.3.19

eq.3.20

Only half of the effective length Le of the patch antenna is taken into account, because the
antenna is short-circuited in the middle of Le. First only one slot is examined. Subsequently
an array of the two non-radiating slots is taken.

The magnetic current of slot 3 is found in equation 3.4 and is:

where y'= 0 Le

2

And with equation 3.9 La and L4J results to:

. 1 [sinX Lj)I,L a· 1f/}JLo = -2EocosOsm¢h 2 2 -- te 2 e ja + iL
C;Ir) - a X e

where

a = kosinO sin¢

2 "'h 1 [sinX Li)l,L a· 1f/}JLiP =- EoCOS'f'" 2 2 --te 2 e ja+iLC;Ir) - a X e

15

eq.3.21

eq.3.22



Figure 3.7. Co-ordinate system ojslot 2 and slot 3

Be and EIj> results to:

E =+ jkEote-
jkr

[cost/J 1 [sinX fj~Leaja + 1<1 }J]
o 2m- (~)2 _ a 2 X te ILe

E - jkEote-
jkr

[ Ll' d. 1 [sinX ~jl/La. ~ }J]= cosusm'f' __ 12 e Ja + 1<

¢ 2m- (i{)2 - a 2 X Le

eq.3.23

eq.3.24

eq.3.25

sinX
Where -- =1 for t«l

X
The array factor of two slots with the same magnitude, but with opposing phase is:

ArrayFactorz =2jsin(kW cosO)
2

The total Electric field induced by the non-radiating slots is:

EOtowl =ArrayFactorz • Eo

E¢total =ArrayFactorz • E¢

The reason for the name 'non-radiating' slots is clear. When the E-plane is examined (8=90°,
~=Oo ...90° and 270° .. .360°), the array factor is zero. So the total electric field disappears.
When the H-plane is examined (~=Oo, 00~8~1800) Elj>total fades away but Eetotal results to:
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kW 'kV -jkr

Efltota' =2j sin(-cosB). } oe
2 2:rr

where

Va =tEo

A simpler equation can be found for small thickness t (kot«l)

eq.3.26

eq.3.27

kW °kV - jkr [ 1 ]
E fltoUl' =2jsin(-cos B) • } oe If

2 2:rr 1r
Le

=_'in(k: co,e)o kV;::j~[~J

This means that there is a cross polarisation at the H-plane. The 'non-radiating' slots must be
taken into account when calculating the resonant input impedance.

8=90°

-0.4 -0.2 0.2 0.4

Figure 3.8. Radiation pattern in the principal H-plane ofthe short-circuited microstrip patch
antenna resulting from the non-radiation slots
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The total field in the principal H-plane is found by adding the field of the radiating slot
(equation 3.18) with the field ofthe non-radiating slots (equation 3.27). This field is given in
figure 3.9.

3

zr po ~

1l' JJ ~

? ~ ~

rr p ~

'17" .P ~

1l' §J ~

~ iii ~

P p ~

1J' .P ~

~ .,:J ~

p. p ~

zr .P ~

1l' Jl ~

~ ,JiI ~

p p r:::,

tp .p r:::>

p .,:J ~

~ iii ~
zr po ~

2.51.5
theta

Figure 3.9. The total field pattern ofthe principal H-plane ofthe short-circuited microstrip
patch antenna

The total field of the principal E-plane is only caused by the radiating slot and is found with
equation 3.16. This field is given in figure 3.10.
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phi
Figure 3.10. The total field pattern ofthe principal E-plane ofthe short-circuited microstrip
patch antenna

3.5. The resonant input conductance
The radiated conductance (and the input conductance, when the feed is at the edge of the
antenna) can be calculated with the following equation:

eq.3.28

eq. 3. 29

The radiated power Prad is:

• IE)2
~ad = #Re(E x H )dS = ,Yz <#-dS

s s ~

First the modulus of E is calculated. The electric field E for a short-circuited microstrip patch
antenna, with a small thickness t, consists of two parts. Namely the field caused by the
radiating slot (equation 3.14) and the non-radiating slots (equation 3.25). The modulus ofE is
divided up into two parts, lEe Iand IEcjl I.

IEI 2 =IE?1 2

+IEoI
2

eq. 3. 30
Thus

• (lEI; + lEI;)
P rad =#Re(E x H )dS = ,Yz <# dS = P rad? + PradO eq. 3. 31

s s ~

where
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1! 2 2' (kw ) 2
_ 1 1 1! "2 IV

o
l 2 k (COSrjJ) (sm Tcos B )

PradO -"211 I_I 7r
2 kV 2 _ e(sinB)2 (sinrjJ)2 ]2

2

(k2(sin B)2 (sin rjJ)2 + (fY- 2{ k sin Bsin rjJ sinG Lk sin Bsin rjJ)~¢dB
and

P =.l.l1!J%JIVoI
2
( . (kw B))2[{ (cosB)2(sinrjJ)2 .

rad¢ 2 17 2 sm cos r "j2
o_,!-7r 2 L(fl- k2 (sinB)2(sinrjJ)2 J

2

(CZl + k2(sinB)2(sinrjJ)2 (sin(tLksinBsinrjJ))2 - 2{ ksinBsinrjJsinGLk sin BsinrjJ))}

2 k4(cos B)2 (sin B)2 (sin rjJ)4 (cos(tLk sin Bsin rjJ))2
+ (tan B) + ----'------.---'-------'---------='---:;----'------

[cfl- k2 (sinB)2(sinrjJ)2 J
_ 2(sin B)2 e (sin rjJ)2 cosGLk sinBsin rjJ)]sin Bd¢dB

[(V 2 - k2(sin B)2 (sin rjJ)2 ]

The conductance of the short-circuited microstrip patch antenna can now be found with
equation 3.28. It is impossible to solve these kinds of integrals analytically thus a numerical
solution is commonly used. The resonant input conductance for a typical short-circuited
microstrip patch antenna as a function of width w is given in figure 3.11 and the resonant
input impedance is given in figure 3.12. For this example the thickness t is assumed very
small, L=0,12m, k=21t/As, As=A/..JEr , Er=2, A=L/2 and width w is varied between 0.02 and 0.13.

x 10.3
4.5

4

3.5

3
(I)

.S:
~ 2.5
c

'"-g 2
"0
C
o
u 1.5

0.06 0.08 0.1
width w in meters

0.12 0.14

Figure 3.11. The resonant input conductance for a short-circuited microstrip patch antenna
as afunction ofwidth w

The input impedance can be calculated with:

1z=-
G
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Figure 3.12. The resonant input impedance for a short-circuited microstrip patch antenna as
a function ofwidth w
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eq.4.1

Chapter 4.The use of the Finite-Difference-Time-Domain method for
the analysis of the short-circuited microstrip patch antenna

4.1. Introduction
An important tool to solve electromagnetic waves numerically is the Finite-Difference-Time
Domain method. FDTD is capable of computing electromagnetic interactions for problem
geometry's that are extremely difficult to analyse by other methods, such as the more
traditional frequency-domain approach. FDTD is also becoming more popular because of its
extremely simple fundamentals and the increased availability of low cost but powerful
computers.
In this chapter the fundamentals of the FDTD method and its limitations are examined.
Because FDTD is used to simulate the patch antenna, the influence of this method on the
design is also examined.

4.2. An analysis of the FDTD method
In this paragraph the FDTD-method is explained by analysing first the case where we have a
one-dimensional homogeneous, lossless medium. This is expanded for an inhomogeneous
lossy one-dimensional space with permittivity £ and permeability ~. This situation is
essentially the same as for the three dimensional case.
Important parameters like the courant limit, the cell size and the boundaries of the examined
space are of great influence on the efficiency, stability and accuracy of this method. These
parameters will be analysed briefly.
Finally the near field to far field transformation will be examined. This transformation gives
the possibility to predict the far field with the data collected from the calculated near field.

4.2.1. Derivation of the Maxwell equations to the Finite-difference-time-domain
method
The Maxwell equations give the relation between the E and H field

aj.1lf + V' x E = 0
at

aBE -V'xH =J
at

J,~ and £ are assumed to be given functions of space and time.

For the one dimensional homogeneous, lossless medium for -oo<z< 00, with permittivity £ and
permeability ~, the Maxwell equation reduces for a pulsed plane wave to [III]:

azE=J.1atH

azH = BatE

(a)

(b)
eq.4.2

eq.4.3

The first step to the Finite Difference Time Domain is to discretize the Maxwell equations in
the space and time domain. The discretized points are:

Zm =m&

t n =n/).t

The most accurate computation ofa space derivative is at the middle of two sampled points.
This means the discrete space derivative of equation 4.2 is:
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eq.4.4
1

8zE(z,tt=(m+~)t.z ~ L1z {E([m + l]L1z,t) - E(mL1z,t)}

The time derivative of 8tH can now be found for z=(m+1/2)L1z and t=tn
=nL1t (with equation 4.2 and permeability Jl). To find the time derivative of 8tH, the sample
time is t=(n+1/2)L1t.

1
8tH(z,t)! A ~-{H(z,[n+1/2]L1t)-H(z,[n-1/2]M)}t=nL>.t L1t

Combining equation 4.4 and 4.5 with equation 4.2a results in:

H([m + 1I 2]L1z,[n + 1/2]M) ~ H([m + 1/2/]L1z,[n -1/2]M) +

~{E([m + l]L1z,nM) - E(mL1z,nM)}
f.JL1z

For easy notation this is rewritten as:

eq.4.5

eq.4.6

H[m + 1/2,n + 1/2] =H[m + 1/2,n -1/2]+~{E[m+ 1,n] - E[m,n]} eq. 4.7
f.JL1z

The difference with equation 4.6 is:
• The equal sign is enforced
• The square brackets indicate the exact solution of the discretized differential solution. An

example: H[m+1/2,n+112] means H([m+1/2]L1z,[n+1/2]L1t)

The discretized form of equation 4.2b is:

L1t {E[m,n + 1] =E[m,n] + - H[m + 1/2,n+ 1/2] -H[m -1/2,n +1/2]
8L1z

eq.4.8

The EM fields can now be computed with the use of the 'leapfrogging' method.

time

) H-point I0+1

0+1/2

o

0-1/2

I space m-1/2 m

! ,t1
----~-------.I

I
I
I..

m+1/2 m+1

E-point I

Figure 4.1. The leapfrogging method to compute the EMfields

• The E and H fields are known for the staggered grid up to t=nL1t and t=(n-1/2)L1t
• The field H[m+1/2,n+1/2] can be computed for al values ofm using equation 4.7
• The field E[m,n+1/2] for all m
• Increase n and repeat procedure
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4.2.2.The FDTD method for an inhomogeneous lossy one dimensional space
The discrete Maxwell solutions can be generalised for an inhomogeneous lossy space. When
the interpolation error is neglected we find for equation 4.2.a and 4.2.b the following discrete
Maxwell formulas:

H[m +1/2, n +1/2] = H[m +1/ 2, n -1/2] +

__1 !1t {E[m + 1,n]-E[m,n]}
,u[m + 11 2] &

[ ]
a[m].6.t

& m - ---=----=---
E[m,n+1]=E[m,n]. [2 +

[ ]
a m].6.t

& m + ---=----=---
2

1 !1t {
[]

H[m+1/2,n+1/2]-H[m-1/2,n+1/2]
[ ]

am!1t&
& m + ---=----=---

2

For equation 4.9 and 4.10 the following notation is used:

&[m] =&(m&)

a[m] =a(m&)

,u[m +1/ 2] = ,u([m +1/ 2].6.2')

And the following approximation:

E(z,[n +1/ 2]!1t) ~ h E(z,[n + l].6.t) +h E(z, n.6.t)

eq.4.9

eq.4.10

eq.4.11

eq.4.12

4.2.3. The FDTD method for a three dimensional space
The FDTD method for the three dimensional case can be found in a similar way. The
Maxwell equations are replace by its finite counterparts as proposed by Yee.
The Yee cell and its finite difference components are given in appendix A

4.2.4. Numerical stability
Cell size
There are different parameters that decide the dimensions of the cell. The first one is the
Nyquist limit. The Nyquist limit states that the minimum sampling rate is two samples per
wavelength. The penalty for not meeting the Nyquist limit is aliasing thus resulting in invalid
results. The maximum length of the cell .6.x is

A =2L\x

where Ais the smallest wavelength of interest in the whole FDTD space.

eq.4.13

The preferred sample rate, or maximum size of the cell is much smaller, namely A/10 or A/20.
The reason for this is that there are more errors that diminish the cell size that is needed for
accurate and stable results. A few of these reasons are:

Non-exact sampling
The smallest wavelength is not determined exactly
Grid dispersion errors (this means that waves of different frequencies will propagate at
slightly different speed through the grid)
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Another important parameter is the geometry under examination. The different details must
be described sufficiently accurate in the FDTD grid, or the result can not be used to simulate
the EM fields. When a microstrip antenna is simulated with a resonant frequency of 900 MHz
and with a substrate thickness of 1mm, the latter is the limiting factor for the maximum cell
size. This problem is examined in more detail in paragraph 4.3.

Effect ofa medium with a different permittivity
The wavelength in a substrate is dependent on its permittivity

It
Its = ~

-v E,

eq.4.14

where A.s is the wavelength in the substrate and t>r is the permittivity of the substrate.

The maximum cell size is dependent on the wavelength (equation 4.13) and the wavelength is
dependent on the medium and its permittivity.

Courant limit
An important condition is the Courant limit. The FDTD method must only propagate a point
in a wave over one-cell distance every time step. The Courant limit makes sure that this
occurs. The limit determines the step size when the cell size is known. The Courant limit is
given by:

1
v~t ~ ----;=========

(_1)2 + (_1)2 +(_1)2
III ~y III

The solution will diverge when the courant limit is not satisfied.

eq.4.15

4.2.5. The boundary conditions
The FDTD space that is calculated is by definition bounded. It is necessary to define
boundary conditions to prevent that the scattered or radiated fields are reflected back into the
computational space. This reflection distorts the fields in the FDTD space and the resulting
EM fields are not reliable.

An effective way to prevent the reflection is the use of an Outer Radiating Boundary
Condition that absorbs the scattered or radiated fields when they arrive at the limits of the
FDTD space. The situation that the scattered or radiated fields go into boundless space is
simulated approximately. The boundary that is used in this report is cube-shaped. However,
this is not the only shape for an outer boundary. Sphere shapes are for example also possible.

Because the field components at the boundary cannot be updated (some of the nearest
neighbour field components needed to evaluate the finite difference curls are outside the
problem space and are not available) the field must be estimated. It is usual to presume the
wave propagating out of the FDTD space is locally a plane wave, so that the field for the
outward travelling plane wave on the boundary is estimated by looking at the fields just inside
the boundary. This means that there must be sufficient space between the scatterer or radiating
object and the boundary of the FDTD space (so that the wave looks plane and normally
incident on the boundary).
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eq.4.16

Although this is a good estimation of the field propagating into boundless free space, the
absorbing boundaries will not absorb the wave absolutely. This is caused by the fact that the
wave incident on the other boundary usually is not exactly plane and not normally incident.

4.2.6. Different near field to far field transformations
The FDTD space is limited but the FDTD method can be used to simulate the far zone
characteristics of the radiating or scattering object. One of the major advantages of the FDTD
method is that it is possible to calculate the far zone fields at multiple frequencies with only
one FDTD run.

Calculation ofthe far zone fields in onefrequency
When a sinusoidal time harmonic source is specified, the FDTD calculations are stepped
through time until steady state conditions are reached. The complex time harmonic electric
and magnetic currents flowing on a closed surface surrounding the object are then obtained.
The FDTD method uses the Yee space, so the surface currents for each Yee cell face on the
closed surface (boundary of the FDTD space) are obtained. With these currents the far zone
radiated in any direction can be calculated.

Calculation ofthe far zone fields in multiple frequencies
A pulsed excitation is needed to calculate the far zone fields at multiple frequencies in one
FDTD run. For each frequency of interest a running Discrete Fourier Transform of the time
harmonic tangential fields on a closed surface surrounding the FDTD geometry is updated at
each time step. The running DFT's provide the complex frequency domain currents for any
number of frequencies using a pulsed excitation for the FDTD calculation. The calculated
currents are used to simulate the far zone radiation.

Calculation ofthe far zone fields in multiple frequencies and a limited number ofangles
It is not always essential to calculate the field for all the far zone angles. This method
computes directly the transient far zone fields at each angle of interest as a running
summation. Instead of storing the tangential field components of every cell face on the
transformation surface (boundary) for each time step, this approach only saves for each time
step six far zone vector potentials per far zone angle.
The last approach is analysed in more detail in the next paragraph.

4.2.7. An examination of the near field to far field transformation for multiple
frequencies and a limited number of angles.
The far zone fields are calculated with the electric and magnetic currents that are flowing on
the surface of the boundary S' of the FDTD space. The currents are described by:

Js(OJ)=nxH(OJ)

Ms(OJ) =-n x E(OJ)

where n is the local surface unit normal.

The time harmonic vector potentials N(w) and L(w)) are described by:

N(OJ) = fJs(OJ)exp(jkr1 ·r2 )dS'
S'

L(OJ) = fM s(OJ) exp(jkr1 • r2 )dS'
S'
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where
j= -./-1
k= wave number
rl=the unit vector to the far zone field point
r2 = the vector to the source point of integration
rl·r2 = the vector product of the vectors rl and r2

The far zone can now be calculated with:

, _ 'kR (-.,.,Ne + L<p)
E = je }

e 22R

, _ 'kR (-.,.,N<p + Le )
E = je }

<p 2AR

where
11 = Impedance of free space
R = Distance from the origin to the far zone field point
A= Wavelength of the frequency of interest

eq.4.18

Now two new time harmonic vector potentials are determined. This will simplify the inverse
Fourier transformation that is needed to develop the corresponding time domain far zone
transformation.

. - j'mR N(m)
W(m) =jmexp( )--

c 4trRc
, - jmR L(m)

V(m) =jmexp( )--
c 47d?c

where
w/c = 21tf/c = k
21tc/w = clf =A

eq.4.19

eq.4.20

Notice that the jw part of the equations corresponds with the time derivative and that the
exponent corresponds with a time shift.
The far zone fields are now:

Ee =-""We - V<p

E<p = -""W<p + V e

The corresponding time domain harmonic vector potentials Wet) and D(t) are:

( ) 1 a(f r1 • rz R ,W t =--- Js(t+---)dS)
4trRc at S' c c

) I a f ( r1 • rz R ,V(t =---( M s t+---)dS)
4trRc at S' c c

where
Js(t) = n x H(t)
Ms(t) = -n x E(t)

Application to the FDTD calculations
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The correct temporal and spatial quantisation must be incorporated
A close surface must be defined (example: the closed surface S' is defined as a
rectangular box, such that all surfaces of the box are Yee cell faces)
The tangential electric and magnetic time domain fields that are evaluated are located
in the centre of the corresponding Yee cell face, which lies on the box surface

To illustrate this approach, only one single FDTD cell face which is on the surface S' ofthe
integration box, is evaluated. The complete far zone field is obtained by summing the similar
contributions from all the tangential field components at the centre of each cell face lying on
the integration surface at each time step. Most ofthe times the factors 1/R amplitude and RIc
time delay are suppressed, so these factors are not included.

Assume for this example that the plane wave is propagating perpendicular to the X-Z plane.
This means

n = y eq. 4. 22

Because EXn does not lie outside the FDTD space and does not lie in the middle of the Yee
cell, we find for the centre of the Yee face EXn

EX =(E;U,}+1,k)+E;U,}+1,k+1)
n 2 )

The situation is also given in figure 4.2

E~ (ij-+l,k+l)

E~ (ij+l,k)

Figure 4.2. The Efield in the middle afthe Yeeface surface

The magnetic current is (equation 4.16):

M =-yxE=Enzs X

eq.4.23

eq.4.24

To simplify the problem we assume that E\ is constant over the integration surface ilx.Llz.
With equation 4.21 we find for the time domain harmonic vector potential U(t) the following
solution

U(t) =_1_~( fM
s
(t + 1j . r2 )dS')

4JrC at S' c

1 a r.'r.
U(t) =--(&LlzE;z(t + _1_2))

4JrC at c
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To account for the correct temporal quantisation the time derivative of the last equation can,
with the use of the central difference method, be written as

. 1 E n+1 - En-Ir l r2 x
Uz(nl1t - --) =- L\x&[---]

C 41Z"C 211t

The factor (rJ.f2Yc in equation 4.12 is a time shift.

Uz also can be written as:

eq.4.26

eq.4.27

Uz([n+t]M- rl .r2 )=_1_L\x&[E;+I-E;]
C 41Z"c M

U
z
([n _ t]l1t _ rl • r2 ) =_1_L\x& [E; - E;-I]

C 41Z"c I1t

Now Uz (and Wz) for all time steps and all angles of interest are accumulated and stored.
The far zone fields can be calculated with equation 4.18, when all the time steps are passed.

4.3. The influence ofXFDTD on the design of the patch antenna
XFDTD [B] is a software tool that uses FDTD to simulate EM-fields with the use of Finite
Difference Time Domain. This program is used to model a short-circuited microstrip patch
antenna and to predict the effect of a model of a human head on the antenna characteristics.
But to successfully use this tool to simulate the EM fields accurately the patch antenna must
be modelled with XFDTD, thus limiting the design of the antenna.
Two important limitations are:
• The program XFDTD uses a grid with cells of equal size. It is also possible to select a

certain space in this grid with a cell size that is a factor 3 or 5 time's smaller.
• The recommended distance between the object of interest and the outer FDTD boundary

is at least "A/3 (>15 cells). This is done to simulate a plane wave, thus preventing that the
scattered wave at the boundary is reflected back into the computational space.

The dimensions ofthe smallest object described in the FDTD-space must be in the same order
of magnitude as the dimensions of the other objects and as the wavelength of interest. A
violation of this rule results into a very large FDTD space that is not practical to calculate.

This problem is demonstrated with the following example. A microstrip antenna with a
substrate thickness of 0.5 mm is modelled and the frequency of interest is 900 MHz. The
wavelength of interest is about 33 cm. There must be a minimum of"A/3 between the object
and the outer boundary. Let us assume the FDTD space has a size of 22 cm * 22 cm * 22 cm.
With a grid size of I1x=I1y=l1z=0.5 mm, the computational grid size is 440 cells * 440 cells *
440 cell =85 million cells. Even with the use of a sub grid the dimensions of the FDTD space
it is still more than 17 million cells.

It is only practical to use FDTD to model a patch antenna when there are no great differences
in the size of the different objects and wavelength. A practical minimum cell size (that is
equal to the grid cell size) to use for a simulation of a patch antenna in the 900 MHz band is
about 0.25 cm. This gives a FDTD space of about one million cells that must be calculated.
This is feasible with the computers nowadays available.

Another problem is to fine-tune the microstrip patch antenna. There are different methods to
this. Two examples are changing the location of the coaxial feed and changing the length of

29



the matching gap (see 6.2.3). A small variation in these parameters results into a large change
of the input impedance. But with FDTD it is very difficult to model these changes. The
changes in dimensions are almost always smaller than the cell size thus impossible to model.
The challenge is to model the antenna accurate enough to describe all the important details,
but with a cell size that is large enough to calculate the complete FDTD space.
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Chapter 5. Comparison of the cavity and the FOTO method

5.1. Introduction
The cavity model and the FDTD model are explained in the previous chapters. A simplified
short-circuited microstrip patch antenna is modelled with these two methods and compared.
This chapter shows that FDTD is sufficiently accurate to simulate a short-circuited patch
antenna.

5.2. The simplified short-circuited microstrip patch antenna modelled with the
cavity method and with FDTD
The antenna is analysed with the cavity method and the FDTD method. The designed antenna
has a couple oflimitations. The most important limitations are:
• a small substrate thickness t is assumed (confirming the condition for the use of the cavity

model)
• a limited FDTD space (thus making the FDTD space possible to be calculated)

The short-circuited microstrip patch antenna of interest is given in figure 5.1. The parameters
of the antenna are given in table 5.1 and the FDTD model is given in figurer 5.2.

t

w

infinite ground

Figure 5.1. The cavity model a/the simplified short-circuited microstrip patch antenna

Parameters of the short-circuited microstrip patch antenna with a center frequency of
8.839GHz
Length substrate 0.006 meter
Width substrate 0.006 meter
Permittivity 2
thickness substrate 0.0005 meter
Table 5.1. The parameters a/the short-circuited microstrip patch antenna
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Figure 5.2. The FDTD model o/the simplified short-circuited microstrip patch antenna, with
grid cell size = O.0005m.

The reason these dimensions are chosen is that it is very simple to model this antenna in
FDTD for this frequency.

5.3. The far field and resonant impedance simulated with the cavity method and
FOTO method compared

5.3.1. The Cavity method
The frequency of interest is found with equation 3.1 and is 8.84 GHz. The radiation pattern
for the principal E- and H-plane are found with equations 3.15, 3.17 and 3.26 and given in
figure 5.3, 5.4 and 5.5. The conductance is calculated with equation 3.31
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Figure 5.3. Radiation pattern E¢ in the principal E-plane ofthe short-circuited microstrip
patch antenna
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Figure 5.4. Radiation pattern E¢ in the principal H-plane ofthe short-circuited microstrip
patch antenna
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Figure 5.5. Radiation pattern Eo in the principal H-plane ofthe short-circuited microstrip
patch antenna

The conductance is found with equation 3.26. The conductance is 4.5e-004 S and the
resistance is 2.2e+003 n.

5.3.2. The Finite Difference Time Domain method
With the computer program XFDTD (B) the input conductance and the radiation pattern for
the principal E- and H-p1ane are found and given in figure 5.6 to figure 5.10. XFDTD uses the
Finite Difference Time Domain method to calculate the EM-fields.
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Figure 5.6. Radiation pattern E¢ in the principal E-plane ofthe short-circuited microstrip
patch antenna
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Figure 5. 7. Radiation pattern E¢ and the cross polarisation radiation pattern Eo in the
principal E-plane ofthe short-circuited patch antenna
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Figure 5.8.. Radiation pattern E¢ in the principal H-plane ofthe short-circuited microstrip
patch antenna
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Figure 5.9. Radiation pattern E¢ and the cross polarisation radiation pattern Ee in the
principal H-plane ofthe short-circuited microstrip patch antenna
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Figure 5.10. The simulated input impedance ofthe short-circuited microstrip antenna

5.4. Comparison of the cavity model and the FOlD model
The shapes of the simulated antenna patterns of the cavity model and the FDTD model show a
resemblance. However, there are some differences near the ground plane. The reason for this
is the difference in assumptions for the two simulation methods. The cavity model uses an
infinite ground plane, but the FDTD method uses a finite ground plane. A microstrip antenna
usually has a finite ground plane, thus making the description of the FDTD model more
accurate.

5.4.1. Radiation pattern E~ and the cross polarisation radiation pattern Ee in the
principal E-plane of the short-circuited microstrip patch antenna
The principal E-plane is given in figure 5.3 and 5.6 for respectively the cavity method and the
FDTD method. There are two major differences in the results. The first one is the behaviour
near the ground. The reason for this is explained in the previous section. The second major
difference is the direction of the beam. The direction is towards the short-circuited side of the
antenna.
A possible explanation for this phenomenon is the simplification made in the cavity method.
The cavity method assumes that the thickness of the antenna substrate is infinite small. This
simplification is not made in FDTD.
The cross polarisation is neglected in the cavity model. This corresponds with the FDTD
simulation results given in figure 5.7. The cross polarisation can also be neglected in the
FDTD model.

5.4.2. Radiation pattern Eel> and the cross polarisation radiation pattern Ee in the
principal H-plane of the short-circuited microstrip patch antenna
The pattern shape of the cavity model for Eel> (figure 5.4) in the H-plane corresponds with the
FDTD-model (figure 5.8). The radiation is very small near the ground plane and reaches a
maximum perpendicular to the ground plane. Unlike the E-plane, the cross polarisation of the
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H-p1ane must be taken into account. The intensity ofEe varies from very small perpendicular
to the ground plane to a maximum near the ground plane. This situation is valid for the results
of the cavity model (figure 5.5) and the FDTD model (figure 5.9).
The radiation pattern E<jl of the principal E-p1ane has a uniform pattern for the cavity model,
but for the FDTD model it bows a little bit to the short-circuited side. The reason for this is
the simplification made in the cavity model, when assuming an infinitely small thickness t.

5.4.3. The conduction
The cavity model gives a very small conduction value compared with the FDTD method. A
lot of simplifications are used in the modelling of the antenna to make it possible to analyse
with the cavity model. These simplifications, like an infinitely small thickness t of the
substrate and an infinitely large ground plane, will effect the accuracy of the results. It is
extremely difficult to get accurate results for the input impedance value because it is not
possible to describe the feed and the substrate thickness accurately with the cavity method.

5.5. Conclusion

The cavity model gives a good physical insight in the radiation properties of the short
circuited microstrip patch antenna. The FDTD model gives less insight in the physical
situation, but is more accurately in describing the antenna, and thus more able to give valid
results.
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Chapter 6. Design parameters of the short-circuited microstrip
patch antenna

6. 1. Introduction
A short-circuited microstrip patch antenna is designed compare the simulations and
measurements of a compact mobile antenna and the interaction with a model of a human head
in a controlled environment. The antenna is constructed and modelled with the FDTD
method.

6.2. Requirements of the antenna under design
There are some requirements that the antenna must satisfy, thus making it possible to compare
the simulation and measurements of a compact mobile antenna and the interaction with a
model of a human head.
The most important features are:
1. Compact dimensions
2. A sufficient impedance bandwidth near the centre frequency of 1 GHz
3. Impedance matching between the antenna and the feed

There exist design rules for the half wave microstrip patch antenna. Although the antenna of
interest is a short-circuited microstrip antenna, these design rules can still be used. The effect
ofthe design rules, however, will be slightly different.

6.2.1. Compact dimensions
The most important parameter that determines the length of the antenna is the resonance
frequency (equation 3.1). Because the resonance frequency is fixed near the 1 GHz, other
parameters must be altered to decrease the length of the antenna. There are different
possibilities to obtain this:

• Short circuit between patch and ground
The short circuit reduces the length of the microstrip patch antenna by a factor two (Chapter
3). But this reduction in length will increase the cross polarisation and diminish the
impedance bandwidth [IV, page 66].

• Permittivity
An increase in the value of the permittivity of the substrate (equation 3.1) results in a smaller
length of the antenna when the resonance frequency is fixed. A major disadvantage of this is a
decrease of the impedance bandwidth.

• Reactance window in the patch
The window in the patch antenna acts like a reactance component (figure 6.1) and influences
the resonance frequency. A larger window results in a lower resonance frequency for the same
antenna dimensions. The gain is also dependent on the window, especially of the location and
the distance of window with respect to the short circuit [V, page 1099].
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Figure 6.1. Reactance window used in a short-circuited microstrip patch antenna

• Increased thickness of the substrate
A thicker substrate (equation 3.1) permits a smaller length of the antenna for the same
resonance frequency. The disadvantage of a thicker substrate is an increase in surface waves
thus decreasing the antenna efficiency [VI, page 26]. Another disadvantage is an increase in
the reactive part of the input impedance. For very thin substrates the reactance is very small
compared to the resonant resistance. But for thick substrates the reactance may be significant
and needs to be taken into account for the input impedance matching [II, page 763].

• Reduced ground plane
The ground plane length and width can be reduced in dimensions. However, this influences
the characteristics of the antenna [V, page 76].

6.2.2. Impedance bandwidth
It is important that an antenna for mobile communication has a sufficient impedance
bandwidth. For example: an antenna that is used for a GSM application has a minimum
impedance bandwidth of± 3.8% with a centre frequency of925 MHz.
There are different methods to increase the impedance bandwidth of the microstrip patch
antenna. Some of those are:

• A lower permittivity value of the substrate
A lower permittivity value of the substrate results in an increase of the antenna dimensions for
the same resonance frequency. This results into an increase of the impedance bandwidth.

• Thicker substrate
A thicker substrate increases the physical size of the patch. This results in a larger impedance
bandwidth. A disadvantage of this is the increase of surface waves, and thus a less efficient
antenna.

• Stacked microstrip antenna
A stacked microstrip patch antenna is used for microstrip antennas that must operate in
multiple frequencies or with an increased impedance bandwidth [V, page 311]. An example
of a stacked patch antenna with increased bandwidth is given in figure 6.2 [V, page 321,
6.l0b].
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Figure 6.2. A stacked microstrip patch antenna to increase the impedance bandwidth

• Parasitic elements
Placing two narrow conducting strips at the non-radiation sides of the microstrip antenna
alters the impedance and radiation properties [V, page 341]. A disadvantage is the increase of
dimension of the antenna and the change of the radiation pattern. It is possible to integrate the
parasitic elements in the phone casing.

6.2.3. Matching between the antenna and the feed
An important parameter is the impedance matching between the antenna and the feed.
An inadequate matching results in an increase of reflection loss, and thus a decrease of the
efficiency of the antenna. The input impedance can be varied with:

• Feed position
The coaxial feed position influences the input impedance greatly. The input resistance has a
maximum value when the feed is located at the edge and reduces when the feed is closer near
the middle of the patch [V, page 130]. The reason for this is the electric field. When a half
wave microstrip patch antenna is examined the field strength has a maximum value at the
edge, and zero value in the middle of the patch. This means that the impedance of the antenna
can be tuned by altering the feed position. A disadvantage of the coaxial probe is the
introduction of an inductance that prevents the patch being resonant when the thickness of the
substrate is greater than All 0 [VII, page 213].

• Width of the patch
The input resistance depends on the width of the patch. An increase in the patch width
decreases the antenna-input resistance [VII, page 2.13 and figure 3.1 0].

• Radius of the feed
The finite radius of the inner and the outer conductor influences the input reactance of the
antenna [IV, page 61].

• Position of the feed wire in the substrate
The input reactance of the antenna can be changed with a variation of the feed gap in the
substrate. Instead of a connection of the wire with the patch, it is coupled electromagnetically
[V, page 329]. This introduces a capacity in the input impedance. The so-called matching gap
is used to overcome impedance matching problems of microstrip antennas with a thick
substrate.
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Designing a microstrip patch antenna is a trade offbetween different characteristics. Changes
in the parameters of the antenna can improve one characteristic, but can also deteriorate
another characteristic. An example of this is when a microstrip antenna is desired with
compact dimensions and a large impedance bandwidth. A way to decrease the dimensions of
the patch antenna is the use of a substrate with a high permittivity value. But this results also
in the decrease of the impedance bandwidth of the antenna.

6.3. Design steps of the short-circuited microstrip patch antenna with a centre
frequency of 1 GHz
The antenna under design is modelled with FDTD. The FDTD-method will introduce some
limitation in the design of the antenna (section 4.3). The antenna is designed using basic
microstrip patch antenna design rules taking the limitations ofFDTD into account, thus
making it possible to model the antenna with FDTD. The antenna must satisfy some
requirements, so it can be used to compare the simulation and measurements of a compact
mobile antenna and the interaction with a model of a human head.

Step 1. Decide the characteristic ofthe antenna under design
Normal dimensions of a mobile phone are height =2 cm, length = 10 cm and width =5 cm.
The antenna under design must be smaller than this.
The GSM frequency band covers 890 MHz - 960 MHz. The antenna must have a comparable
bandwidth with centre frequency around 1 GHz. A slightly higher centre frequency is chosen,
to prevent major interference with the GSM-band.

Step 2. Decide the material that is used as a substrate
Teflon is a commonly used substrate with known characteristic. The value of the permittivity
Er is 2. This is a relatively low value, thus a relative large impedance bandwidth can be
expected. Beside these favourable characteristics, Teflon was also in stock by KPN-Research.

Step 3. Decide the grid size ofthe FDTD model
The different parameters of the antenna must be in the same order of size. A frequency of 1
GHz is equal to a wavelength of 30 cm. It must also be possible to use the FDTD model of the
antenna with a FDTD model of a simplified head, for example a globe with a diameter of 30
cm. When a grid size of 0.5 cm is chosen, it is still possible to calculate the FDTD model of
the antenna with the simplified head.

Step 4. The impedance bandwidth and the tickness ofthe substrate
The radiation of a patch antenna remains more stable over a larger bandwidth than the
impedance. So the limiting factor for the antenna bandwidth is the impedance bandwidth. A
simple rule of thumb to get an indication of the expected impedance bandwidth for a half
wave microstrip patch antenna is:

B=3.77.er -1 W ~
e 2 L A-r

t
-«1

'A-
eq.6.1

[VII, page 215],
This rule of thumb is valid for the half wave microstrip patch antenna, but gives also an
indication of a short-circuited microstrip patch antenna. The bandwidth, however, is reduced
when compared with the half wave antenna.
The bandwidth needed for a GSM antenna with resonance frequency 925 MHz is about 3.8%.
With the given dimensions of the mobile phone the thickness of the substrate is less than 2
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cm. We choose a substrate thickness of 1.5 cm. To achieve a sufficient bandwidth, the ratio
W/L must be greater than 0.86 cm. The thickness of the substrate is also large enough to
model the antenna in FDTD. A substrate that is not infinite thin can cause surface waves thus
decreasing the efficiency of the antenna.

Step5. The patch antenna length

The electric antenna length and width can be estimated with the following equations [V, page
121]:

t
L =L+-

e 2

t
W =w+-

e 2

eq.6.2

The electric length of the half wave microstrip patch antenna is half the wavelength of
interest:

A C 3.108

As = -- = = = 0.23 meterF: fr F: 925.10
6
"'2

A 0.23
L =_s =--=0.11 meter

e 2 2

t 0.015
L = Le -- = 0.11--- = 0.10 meter

2 2

eq.6.3

eq.6.4

Step 6. Short circuit: the quarter wave microstrip patch antenna
It is possible to short the half wave microstrip patch antenna at L=L12. This reduces the
antenna length by a factor two, without changing the electric field Ez distribution and thus
retaining the resonance frequency (section 3.3). The quarter wave patch has a length Lq =
0.05 m. The impedance bandwidth, however, will decrease when using the short circuit
instead of the half wave microstrip patch antenna

Step 7. The width ofthe patch antenna
The width of the patch affects the input impedance of the antenna. An increase in the patch
width results in a lower resistance. An indication of the value of the resistance at resonance is
found with [VII, page 213]:

Z = 90~(~)2 = 90~(4.5)2 = 455.6 Q
er -1 W 1 4

This equation is used to calculate the resonance resistance of an edge-fed rectangular half
wave microstrip patch antenna. The input resistance at resonance of a short circuited quarter
wave patch is about 2.5 times higher than the usual half wave antenna [IV, page 67]. It is best
to chose the patch width as large as possible. A width of W = 4 cm is chosen.

Step 8. The location ofthe feed
The location of the coaxial feed has a major influence on the input impedance of the short
circuited quarter wave microstrip antenna. The resonant resistance goes from its maximum
value at the edge of the antenna to zero at the short-circuited edge following a cosine-squared
variation [VII, page 213]. This parameter is normally used to fine-tune the matching of the
feed with the antenna. The coaxial feed introduces an inductance that can be significant for a
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thick substrate, and must be considered for an accurate impedance matching. A good point to
start is a feed location with a distance of 1 em of the shorted edge.

Step 9. Reduction ground plane
A decrease in the space is achieved by reducing the ground plane as given in figure 6.3. The
ground plane is not infinitely large but is just an extension of the ground plane ofthe patch
antenna. The reduction of the ground plane influences the radiation pattern and impedance of
the antenna [V and section 504.1. and 504.2].

r
exterxled grourxlplane

Figure 6.3. Reduced groundplane for the short-circuited micro strip patch antenna

Step 10. Reduction ofresonance frequency
The introduction of a reactance window changes the input reactance of the patch antenna. A
larger window gives al greater reduction in the resonance frequency. The exact effect on the
resonance is not calculated, but found with trail and error. Modelling the antenna with FDTD
limits the window to be smaller than 0.5 em. It is possible that this variation is too large to
change the input reactance satisfactorily.

6.4. The constructed and simulated model of the short-circuited microstrip
patch antenna
In the previous section the trade off between the different characteristics ofthe antenna is
given. A choice is made between the different parameters, and an antenna is modelled with
FDTD and constructed. The antenna dimensions are chosen in such a way that it is possible to
model the antenna with FDTD and that the requirements, given in section 6.2, are almost
satisfied.

604.1. The short-circuited microstrip patch antenna modelled with FDTD
The parameters of the proposed antenna modelled with FDTD are given in table 6.1 and the
FDTD model is given in figure 604.
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Parameters of the FDTD model of the designed short-circuited microstrip patch antenna
Width 4.0cm
Length substrate 4.5 cm
Length ground plate 7.0cm
Thickness substrate 1.5cm
Position coaxial feed 1.0 cm of the shorted edge of the antenna, in

the middle ofW
Thickness ground plate Infinite small
Diameter of the feed Infinite small
Yee cell dimensions 5mm*5mm*5mm
Grid size in cells 60 * 60 * 60 = 216000
Table 6.1. Parameters ofthe FDTD model ofthe deszgned short-czrcuzted mzcrostrlp patch
antenna

The antenna length is chosen slightly shorter than 5 cm to prevent interference with the GSM
band thus giving it a higher resonance frequency. With the rule of thumbs given in paragraph
6.3 the following parameters are calculated:
• Centre frequency = 1.0 I GHz
• Impedance bandwidth = 4.2% = 42.6 MHz

The bandwidth is calculated with equation 6.1 This equation is valid for a half wave
microstrip patch antenna, but gives a good indication of the bandwidth of a quarter wave
microstrip patch antenna. The bandwidth of the short-circuited antenna is expected to be
smaller than the half wave version.
The use ofFDTD limits the parameters that can be used to fine tune the characteristics of the
antenna. The minimum variation is equal to the grid size of the FDTD model (0.5-cm). This
distance is too large for effectively modelling a reactance window and a matching gap for the
feed.

The ground plate is larger than the substrate length. The radiation pattern is more omni
directional than an antenna with a ground plate equal in the length of the substrate.

The feed is modelled with input impedance of 50 ohm. The positive side of the feed is
connected through a metal wire to the patch. The ground of the feed is connected to the
ground plate. This is an adequate way to model the coaxial feed of the antenna. The input is a
sinusoidal voltage of 1 V.
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Figure 6.4. The FDTD model a/the short-circuited microstrip patch antenna in Yee cells.

6.4.2. The constructed short-circuited microstrip patch antenna
A representation ofthe constructed antenna is given in figure 6.5. The parameters of the
constructed antenna are given in table 6.2.

height (~ = 1.& eml

< )

~9rouoo plate (metal layer)

"c-:-r----:,........---.ublt rate (te'Ion)

/ Iel1lth (L) =4.& em

metal.hDrt
width (W) =4.0 em

Figure 6.5. The constructed short-circuited microstrip patch antenna

Parameters ofthe constructed short-circuited microstrip patch antenna
Width 4.01 cm
Length substrate 4.5 cm
Length ground plate 7.0cm
Thickness substrate 1.49cm
Position coaxial feed 1.0 cm of the shorted edge ofthe antenna, in

the middle of W
Thickness ground plate 0.5mm

.

Thickness patch 0.3mm
Thickness short circuit 0.3 mm
Diameter of the feed 1.0mm
Table 6.2. Parameters a/the constructed short-clrculted mlcrostnp patch antenna
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The feed is constructed as given in figure 6.6. The outer conductor of the feed is connected to
the ground plate. The inner conductor is connected through a hole in the substrate to the metal
patch. The input impedance of the connector is 50 ohm.

1.ocm
( )

hole in substrare L=4.& cm
patch

I I
short circuit I substrare I h = 1.& cm

I I r I ground plane

1
~ (2.&cm )-

Lourer conductor (connecred with
ground. oot with sUbstrare)

Inner conductor (connecred with the
patch, oot with substrare and ground)

Figure 6.6. Connection ofthe coaxial feed

6.4.3. Expected variation between the FDTD model and the constructed antenna:
The constructed antenna is not precisely the same as the in FDTD modelled antenna. This will
result in some variation between the simulation and the measurements.

• Ground plane thickness
The finite thickness of the ground plane results into a reduced efficiency due to the generation
of higher order modes. Only the lowest mode of the antenna is taken into account thus the
finite thickness will have no effect on the simulated characteristics of the antenna [V, page
76]

• Short circuit and patch thickness
The finite thickness of the short circuit and the patch is small compared to the substrate and
will probably have no effect on the electric wave distribution in the substrate.

• Variation length of the substrate
This causes a slight deviation in the wavelength and thus the resonant frequency of the
antenna.

• Variation thickness substrate
A small variation in the thickness ofthe substrate will not have a significant effect on the
electric field in the substrate

• Finite radius of the feed
The finite radius of the feed introduces an extra inductance in the input impedance of the
antenna. The inductive part ofthe input impedance will be larger when the radius of the
coaxial feed is extended and when the thickness ofthe substrate is higher. This influences the
matching of the antenna with the feed and thus the resonant frequency.

47



Chapter 7. Simulation and measurements of a short-circuited
microstrip patch antenna and the interaction with a model of a
human head

7.1. Introduction
The constructed antenna is measured in an anechoic room for three different situations: free
space, a globe filled with fluid and a cube filed with fluid. The free space situation is
measured and simulated with FDTD for the E- and H-plane. The situation with a globe and a
cube are measured and simulated for the H-plane. The cube and the globe are standard shapes
filled with a standard fluid, thus making comparison possible between measurements of
different research institutes. The globe mimics a human head to represent a normal situation
of use of the antenna. The simulations are modelled with the computer program XFDTD that
uses FDTD to simulate the EM fields generated by the antenna. The measurements and
simulations are compared and conclusions are made.

7.2. Measurement set-up
The measurements are conducted in the antenna measurement room ofKPN-Research in
Leidschendam, the Netherlands. An arrangement ofthe test equipment is given in figure 7.1
for the free space situation and figure 7.2 for the set-up with a model of a human head. The
antenna is positioned a small distance of the cube and the globe aligned to the centre of its
respective surface (figure 7.3).

anechoic: room (covered with
carbon absorbers)

OJ'''' unde, teot

o
turntable (360 angle)

tra~mitter (horn antenna)

Figure 7.1. Arrangement ofthe test equipment for the free space situation
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anechoic: room (covered with
carbon absorbers)

globe with special water solution to simulate
a human head

transmitter (hol'n antenna)

o
turntable (360 angle)

OJ''" wxIe, te.t

rotary joint

Figure 7.2. Arrangement ofthe test equipment for the measurement with a model ofa human
head

L_
- -I -I

Figure 7.3. The position ofthe antenna compared to the cube (right) and the globe (left)

The room is calibrated for 4 GHz and above. The room is covered with absorbers thus a large
portion of the electromagnetic waves is absorbed. Extra carbon absorbers suitable to absorb
EM waves around 1 MHz are placed at the ground between the transmitter and the antenna
under test (AUT) to compensate for the fact that the room is calibrated for 4 GHz and above.
The AUT is attached to a turntable with a rotary joint. The measurement antenna is mounted
on a fixed table.
To get some insight into the uncertainty of the measurement in the room a dipole antenna with
ground plane is calibrated for 1 GHz and measured. The deviance of the ideal omni
directional radiation pattern is ± 0.75 dB. This value is used as an extra uncertainty for a
measurement with a frequency in the neighbourhood of 1 GHz.

The distance between the AUT and the measurement antenna is 3.64 m. The heights of the
two antennas are about 1 meter. The turntable, the AUT test and the hom antenna are
connected to the measurement equipment. These are a synthesised sweeper, a S-parameter test
set and a network analyser. The signal with the frequency of interest is selected and connected
to the AUT. The turntable rotates and the received signal power minus the input signal power
is drawn with a X-Y writer. The S-parameters of the AUT are measured with the S-parameter
test set. The measurement set-up of figure 7.1 is used to measure the H-and E-plane of the
radiation pattern of the antenna (figure 7.4). The set-up of figure 7.2 is used to measure the H
plane of the radiation pattern of the antenna and the interaction with a model of a human head.
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Figure 7.4. The measurement planes: The H-plane and the E-plane

Pictures of the measurement set-up are given in (C).

7.3. Comparison of the simulated and measured short-circuited microstrip
patch antenna for free space, a globe and a cube filled with a water-salty
solution
The measurement set-up is modelled with FDTD and simulated. The FDTD model parameters
are given in table 6.1. The input signal of the in FDTD modelled antenna is a Gaussian pulse.
This input signal makes it possible to simulate the characteristics of this antenna for a large
frequency band (chapter 4). A drawback of this solution is the extended calculation time
compared to a one-frequency simulation.

7.3.1. The simulated and measured loss parameter S11 for the free space situation
The loss parameter (or reflection loss) Sll for the free space situation is simulated with FDTD
(figure 7.4). The frequency band between the values Sll of -10 dB is the impedance
bandwidth. For the simulated loss parameter Sll the impedance bandwidth is between 989.36
MHz and 1031.91 MHz. This results in an impedance bandwidth of 42.55 MHz. In paragraph
6.4 the expected impedance bandwidth found with the rule of thumb (equation 6.1) is about
42.6 MHz. The minimum loss Sll is for the simulation at 1.01 GHz. Although this is not the
centre frequency of the antenna, this is the most effective frequency, because the reflection
loss Sll is at its lowest value thus resulting in the most efficient use of the antenna. The
calculated centre frequency is 1.01 GHz (paragraph 6.4).
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Figure 7.4. The measured and simulated loss parameter SlJ o/the short-circuited microstrip
patch antenna in free space

The antenna is measured in an anechoic room (figure 7.1) and connected to a S-parameter test
set and a network analyser. The experimental Su-va1ues are shown in figure 7.4.

The Sll is less than -10 dB between 1.0265 GHz and 1.0596 GHz thus resulting in an
impedance bandwidth of 33 MHz. The reason for the difference with the FDTD simulated
reflection loss Sll is mainly the way the feed of the antenna is modelled. Due to the
limitations ofFDTD is it not possible to describe the feed precisely since its dimensions are
too small (paragraph 6.4.3). The finite radius of the feed introduces an induction resulting in a
change of the reflection loss Sll.

7.3.2 The radiated H- and E- plane simulation and measurement of the short
circuited microstrip patch antenna for the free space situation
The radiation of a patch antenna remains stable over a larger bandwidth than the impedance.
The limiting factor for good operation is the impedance bandwidth. In figure 7.5 a FDTD
simulation is made of the radiation pattern of the H-p1ane (figure 7.3), with two different
input signal frequencies. The first frequency of interest is 1.011 GHz. This is the frequency
were the value of the simulated reflection loss Sll is at its minimum (figure 7.4). The other
frequency of interest is 1.053 GHz. This will show the relative stability of the radiation
pattern over a certain bandwidth. The results can be used to compare the measurements of the
antenna that are made with an input signal with the same frequencies.
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Figure 7.5. The simulated radiation pattern a/the H-plane a/the short-circuited microstrip
patch antenna/or 1.011 GHz and 1.053 GHz

The front of the antenna is at an angle of 00 and 360 0 degrees. The back of the antenna is at a
1800 degrees angle. The maximum radiation is found at the front of the antenna. The
minimum radiation is found at the flanks of the antenna. The back of the antenna shows a
local maximum radiation level. The dotted line represents the radiation pattern for the
frequency 1.011 GHz and the solid line for 1.053 GHz. The differences between the two
radiation patterns are small, thus showing the relative stability of the radiation pattern over a
large bandwidth.
The set-up of figure 7.1 is used to measure the radiation pattern of the antenna for the H
plane. The input signal of the antenna is 1.053 GHz. This frequency is within the impedance
bandwidth found with the reflection loss SII measurement of figure 7.4. The measurement is
compared with the simulation in figure 7.6.
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Figure 7.6. The measured and simulated radiation pattern ofthe H-plane ofthe short
circuited microstrip patch antenna for 1.053 GHz

The measured radiation pattern of the H-plane is within the uncertainty parameter of± 0.75
dB of the simulated radiation pattern.

The simulated radiation pattern of the E-plane is given in figure 7.7. This is also done for two
different input signal frequencies, 1.011 GHz and 1.053 GHz.
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Figure 7. 7. The simulated radiation pattern ofthe E-plane ofthe short-circuited microstrip
patch antennafor 1.011 GHz and 1.053 GHz

The radiation pattern of the two different frequencies of the E-plane is comparable, thus
showing a limited dependence of the frequency. The E-plane radiation simulation for 1.053
GHz is compared with the measurement found with the set-up of figure 7.1 and is given in
figure 7.8.
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The simulation and the measurement are compared. The variance between the simulation and
the measurement are within the predefined tolerance of± 0.75 dB.

The two planes of interest, the H-plane and the E-plane are simulated and measured. The
simulation and measurement are within the predefined deviance of± 0.75 dB. This means the
simulation can be used to predict the radiation pattern of the antenna.

7.3.3 The H- and E- plane pattern simulation and measurement of the short-circuited
microstrip patch antenna and the interaction with a cube filled with a salt-water
solution
In paragraph 7.3.2 it was shown that the FDTD model of the short-circuited microstrip patch
antenna could be used to predict the radiation pattern accurately. To find the interaction of the
antenna and a person, a phantom is used with the measurement set-up of figure 7.2 but with a
cube instead of a globe. The reason a phantom is used is that the characteristics of the material
are known. This makes it possible to model the phantom with FDTD. In this section the
interaction of a cube-formed phantom with the antenna is simulated and measured. The
phantom is filled with a salt-water solution and the characteristics are given in (D). The
FDTD simulation of this situation compared to the free space situation is given in figure 7.9
and the model used is given in (E).
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Figure 7.9. The simulated radiation pattern ofthe H-plane and the interaction with a cube
filled with a salt-water solution compared with the free space radiation pattern ofthe H-plane
o/the short-circuited microstrip patch antenna for 1.053 GHz

The simulation is compared with the free space simulation of the H-plane radiation pattern of
figure 7.5. The antenna is between the cube and the measurement antenna when the angle is
00

• The radiation is amplified for this situation. A part of the radiation at the back of the
antenna is reflected and directs the radiation towards the measurement antenna. When the
antenna turns, the cube obstructs the radiation path. This results in a weakening of the
radiation towards the measurement antenna.

The same situation is measured with the set-up of figure 7.2. The measurement compared to
the free space situation is given in figure 7.10.
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Figure 7.10. The measured radiation pattern ofthe H-plane and the interaction with a cube
filled with a saIt-water solution compared with the free space radiation pattern ofthe H-plane
ofthe short-circuited microstrip patch antenna for 1.053 GHz

The radiation is compared to the free space situation amplified when the antenna is between
the cube and the measurement antenna. Part of the radiation at the back of the antenna is
reflected and directs the radiation towards the measurement antenna. This happens at an angle
of 0°. When the antenna turns the cube obstruct the propagation path. This results in a
weakening of the radiation towards the measurement antenna. There is a local maximum in
the radiation when the cube is between the antenna and the measurement antenna. This agrees
with the free space situation, although the radiation value is decreased compared with the free
space situation. This is caused by the interference of the cube. At 126°/234° there are also two
local maximum radiation values. This agrees with the edge of the cube. This effect decreases
when the antenna turns more behind the cube. The antenna is not placed precisely in front of
the middle of the cube. The two local maxImum radiation values at 126°/234° are not exactly
the same.
The measurement is now compared with the FDTD simulation in figure 7.11. There are some
characteristics that are consistent. The radiation is amplified when the antenna is placed
between the antenna and the measurement antenna. There is also a local maximum when the
cube is placed between the antenna and the cube. There are also some distinct differences
between the simulation and the measurement. The most important difference is the absence of
the local radiation peaks (126°/234° of figure 7.10). However when the simulation is analysed
in more detail there is a sign of the peaks. The gain versus angle is not completely smooth but
has a very small peak and dale. Although the measurement is not precisely within the
predefined tolerance of the simulation, the simulation gives a good indication of the expected
radiation pattern.
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Figure 7.11. The measured radiation pattern ofthe H-plane and the interaction with a cube
filled with a salt-water solution in relation to the tolerance ofthe simulated radiation pattern
ofthe short-circuited microstrip patch antenna for 1.053 GHz

7.3.4 The radiated H- and E- plane simulation and measurement of the short
circuited microstrip patch antenna and the interaction with a globe filled with a salt
water solution
In this paragraph the interaction between an antenna and a globe filled with a water-salt
solution is simulated and measured. The globe represents a human head but all the
characteristics are known and given in (D) and the model used is given in (E).
The FDTD simulation of the antenna representing the measurement set-up of figure 7.2 is
compared with the free space situation and is given in figure 7.12.
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Figure 7.12. The simulated radiation pattern ofthe H-plane and the interaction with a globe
filled with a salt-water solution compared with the free space radiation pattern ofthe H-plane
ofthe short-circuited microstrip patch antennafor 1.053 GHz

The H-plane measurement of the situation with the globe differs from the situation with the
cube. The cube simulation shows an amplifying effect when the antenna is between the object
and the measurement antenna. This effect is not present in the situation with the globe. A
reason for this is that the reflected radiation is less than in the cube-situation.
Another difference is that the attenuation of the radiation is less for the globe- than the cube
situation when the object is between the antenna and the measurement antenna. The globe
allows more radiation to travel around and through than the cube.
The measurement set-up is given in figure 7.2 and the object of interest is a globe
representing a human head. The measurement with the globe compared to the free space
situation is given in figure 7.13.
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Figure 7.13. The measured radiation pattern ofthe H-plane ofthe short-circuited microstrip
patch antenna and the interaction with a globe filled with a salt-water solution compared with
the free space situation/or 1.053 GHz

The radiation is amplified compared to the free space situation when the antenna is between
the globe and the measurement antenna. The amplification is less than the measurement set
up with the cube. The radiation is attenuated when the globe is between the antenna and the
measurement antenna. This attenuation is expected from the simulation and is less than the in
cube-set-up.
The measurement is compared with the FDTD simulation in figure 7.14. Local radiation
peaks are found in the measurement at an angle near 270° and 90° but not in the simulation.
The peaks are smaller than for the situation with the cube.
The measurement is not exactly symmetrical (see angle 140°-230° and angle 270°-90°)
resulting from the fact that the antenna is not placed precisely in front of the middle of the
globe. Although the measurement is not precisely within the predefined tolerance of the
simulation, the simulation gives a good indication of the expected radiation pattern.
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Figure 7.14. The measured radiation pattern ofthe H-plane and the interaction with a globe
filled with a salt-water solution in relation to the tolerance ofthe simulated radiation pattern
ofthe short-circuited microstrip patch antennafor 1.053 GHz

7.5. Conclusion
The anechoic room is modelled for measurements with a frequency above 4 GHz. But
because the frequency of interest is near 1 GHz an extra measurement with a calibrated dipole
antenna is made to define the uncertainty. This uncertainty is found to be ± 0.75 dB.

Due to the limitations ofFDTD is it not possible to describe the feed of the designed short
circuited microstrip patch antenna precisely (section 6.4.3). The finite radius of the feed
introduces an induction resulting in a change of the reflection loss Sjj. Thus it is difficult to
find an accurate simulation for the input impedance.

The two radiation planes of interest, the H-plane and the E-plane of the antenna in free space
are simulated and measured. The simulation and measurement are within the predefined
uncertainty bandwidth of± 0.75 dB. The FDTD simulation can be used to predict the
radiation pattern of the antenna in free space

To predict the effect of a human head on the characteristics of the radiation pattern of the
antenna a phantom is used. There are two different phantoms used, a cube-shape and a globe
shape both filled with a salt-water solution. A phantom is used because all the important
parameters are known, making it possible to model the object in FDTD.
The radiation pattern of the H-plane of the antenna and the interaction with the cube is
simulated and measured. The simulation does not completely agree with the measurement.
The most important characteristics, however, is the same. The radiation is amplified when the
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antenna is between the cube and the measurement antenna. The radiation is diminished when
the cube is between the antenna and the measurement antenna. The reflected wave from the
cube interferes with the direct wave.
The simulation and measurement for the globe-set-up is not exactly within the predefined
uncertainty bandwidth. The simulation, however, gives a good indication of the expected
radiation patterns. The amplifying and attenuating effect occurs in this measurement, but less
than in the cube-set-up. A reason for the decreased amplification is that the reflected radiation
is less than in the cube-situation. An explanation for the decreased extenuation is that the
globe allows more radiation to travel around and through it than the cube.
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Chapter 8. Conclusions and recommendations

Conclusions

Azimuth plane radiation measurements of three mobile phones with a monopole, helix and
microstrip antenna in free space and with a human user are taken. When the radiation pattern
in free space of the three kind of antennas are compared a difference in efficiency is
noticeable. In decreasing order of efficiency: the monopole antenna, the helix antenna and
finally the patch antenna.
The differences increased in the measurements with a test person. This means that the
interaction of the antenna with the human body depends on the kind of antenna. The phone
with the wire antenna performed better than the helix antenna and the helix performed better
than the patch antenna. This is expected. The wire antenna sticks partly out over the head so is
less disturbed by the test person. The helix antenna doesn't stick out over the head, but is not
covered by the hand, unlike the patch antenna. This testing set-up gives an indication of the
performance of a mobile phone, but is not suitable to use as a standard comparison method.
The reason for this is the dependency of the test person for the measurement results.

A short-circuited microstrip patch antenna is analysed with a simple cavity model. This is
only possible for the most basic short-circuited microstrip patch antenna. It is necessary to use
a numerical method to find the characteristics of more complex antennas and their interaction
with object.

Finite Difference Time Domain is a suitable method to model a short-circuited microstrip
patch antenna. It is possible to model more complex antennas and its interaction with objects.
The FDTD method introduces some limitations in the design of the antenna. Dimensions of
the smallest object described in the FDTD-space must be in the same order of magnitude as
the dimensions of the other objects and the wavelength of interest. A violation of this rule
results into a very large FDTD space that is not practical to calculate. Another limitation is
finite grid size of the model ofthe antenna. Because of the limitations it is difficult to describe
all the small details of the antenna accurate in FDTD. An important example of this problem
is the inability in describing the feed accurately in FDTD thus making it difficult to simulate
the correct input impedance of the antenna.

The cavity model and the FDTD model show a resemblance in the simulation of the radiation
pattern of the H- and E-plane. There exist some variances near the ground plane. The two
methods use different assumptions. The cavity model assumes an infinite ground plane and
the FDTD method assume a finite ground plane. The last situation agrees more with the real
situation. The cavity model gives a good physical insight of the shorted-circuited microstrip
patch antenna. The resulting simulated characteristics of the antenna, however, are based on
certain assumptions. The FDTD model gives less insight in the physical situation, but is more
accurate in describing the antenna and thus more able to give valid results.

A short-circuited microstrip patch antenna is designed taking the limitations ofFDTD into
account. This antenna is simulated with FDTD and constructed. The FDTD model is a
simplification of the real antenna, thus variation in results are expected.

The two radiation planes of interest, the H-plane and the E-plane of the antenna in free space
are simulated and measured. The simulation and measurement are within the predefined
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bandwidth of± 0.75 dB. The FDTD simulation can be used to predict the radiation pattern of
the antenna in free space.

A cube-shaped and a globe-shaped phantom are used to find the interaction between the
human head and the antenna. The phantoms are filed with a salt-water solution, simulating the
content of a human head. The reason a phantom is chosen over a human head is that all the
important parameters are known making it possible to model the object in FDTD. The H
plane radiation pattern of the antenna and the interaction with the cube is simulated and
measured. The simulation does not completely agree with the measurement. The most
important characteristics, however, are the same. The radiation is amplified when the antenna
is between the cube and the measurement antenna. The radiation diminishes when the cube is
between the antenna and the measurement antenna.
The simulation and measurement for the globe-set-up is not exactly within the predefined
uncertainty bandwidth. The simulation, however, gives a good indication of the expected
radiation patterns. The amplifying and attenuating effect occur in this measurement, but less
than in the cube-set-up. A reason for the decreased amplification is that the reflected radiation
is less than in the cube-situation. An explanation for the decreased extenuation is that the
globe allows more radiation to travel around and through it than the cube.

Due to the limitations of the used simulation method, FDTD, it is only possible to model
simple configurations. But these simulations are accurate in describing the interaction of the
designed antenna and the phantom. This gives an indication of the interaction between the
antenna and a globe-shaped-object posing as a human head.

FDTD is a useful simulation method to get an indication of the interaction between an
antenna and a model of a head. However, it is not more than an indication because FDTD
limits the description of the antenna and the head. FDTD is also more useful to simulate the
radiation pattern than the input impedance. The reason for this is the inability to describe the
feed of the antenna accurately.

Recommendations

The FDTD model shows the interaction ofthe antenna with the model of a head. Only two
dimensional radiation plane measurements and simulations are taken, but this shows that the
head influences the radiation pattern of the antenna. This can be used to compare the radiation
patterns of different mobile phones. A more accurate measurement would be a three
dimensional measurement, because all the planes are important for the communication. Apart
from this it is also interesting to find the effect of the hand and the rest of the human body on
the efficiency of the mobile phone. This information is needed to find the parameters that
influences the characteristics of the mobile phone the most, making it possible to determine a
standard measurement method for comparing the efficiency ofmobile phones.
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V. CONCLUSION

The characteristics of the waves guided along a plane
interface whi.ch separates a semi-infinite region of free
space from that of a magnetoionic medium are investi
gated for the case in which the static magnetic field is
oriented perpendicular to the plane interface. It is
found that surface waves exist only when We <wp and
that also only for angular frequencies which lie between
We and 1/vl2 times the upper hybrid resonant frequency.
The surface waves propagate with a phase velocity
which is always less than the velocity of electromagnetic
waves in free space. The attenuation rates normal to the
interface of the surface wave fields in both the media are
examined. Numerical results of the surface wave char
acteristics are given for one typical case.
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Numerical Solution of Initial Boundary Value

Problems Involving Maxwell's Equations

in Isotropic Media

\lAXWELL'S EQt:ATION AND THE EQUIVALENT SET

OF FINITE DIFFERENCE EQUATIONS

:\laxwell's equations in an isotropic medium [1] are

obstacle is moderately large compared to that of an in·
coming wave.

A set of finite difference equations for the system 0:
partial differential equations will be introduced in the
early part of this paper. We shall then show that with aT
appropriate choice of the points at which the varioui
field components are to be evaluated, the set of finitt
difference equations can be solved and the solution wil
satisfy the boundary condition. The latter part of thi:
paper will specialize in two-dimensional problems, ant
an example illustrating scattering of an incoming pul5\
by a perfectly conducting square will be presented.

1 In MKS system of units.

aB-+ ~ X E = 0,at
aD

(1.:

(1 !v X H = J,

B = JJH,

D = fE,

at

.Manuscript received August 24, 1965; revised January 28, 1966.
ThiS work was performed under the auspices of the U. S. Atomic
Energy Commission.

The author is with the Lawrence Radiation Lab. University of
California, Livermore, Calif. '

AbstTact-Marwell's equations are replaced by a set of finite
difference equations. It is shown that if one chooses the field points
appropriately, the set of finite difference equations is applicable for
a boundary condition involving perfectly conducting surfaces. An
eDIIlple is given of the scattering of an electromagnetic pulse by a
perfectly conducting cylind~..

INTRODUCTION

SOLUTIONS tothe time-dependent :\1axwell's equa
tions in general form are unknown except for
a few special cases. The difficulty is due mainly to

the imposition of the boundary conditions. \Ve shall
show in this paper how to obtain the solution numer
ically when the boundary condition is that appropriate
for a perfect conductor. In theory, this numerical attack
can be employed for the most general case. However,
because of the limited memory capacity of present day
computers, numerical solutions to a scattering problem
for which the ratio of the characteristic linear dimen
sion of the obstacle to the wavelength is large still
seem to be impractical. 'We shall show by an example
that in the case of two dimensions, numerical solutions
are practical even when the characteristic length of the
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(2f)

(2e)

(2a)

E.,

This requirement puts a restriction on ~t for the chosen
Ax, Ay, and Az.

GRID SIZE AND STABILITY CRITERION

The space grid size must be such that over one incre
ment the electromagnetic field does not change sig
nificantly. This means that, to have meaningful results,
the linear dimension of the grid must be only a fraction
of the wavelength. We shall choose ~x =Ay =Az. For
computational stability, it is necessary to satisfy a rela
tion between the space increment and time increment
~. When E and }J. are variables, a rigorous stabili ty cri
terion is difficult to obtain. For constant E and }J., com
putational stability requires that

Fig. 1. Positions of various field components. The E-components
are in the middle of the edges and the H-components are in the
cen ter of the faces.

:\IAXWELL'S EQUATIONS IN Two DIMENSIONS

To illustrate the method, we consider a scattering
problem in two dimensions. We shall assume that the
field components do not depend on the z coordinate of a

/

y'(.u)2 + (~y)2 + (~Z)2 > c~t = . / 1 ~t, (7)'V EJI.

where c is the velocity of light. If Cmu is the maximum
light velocity in the region concerned, we must choose

BOUNDAR Y CONDlTIOl-iS

The boundary condition appropriate for a perfectly
conducting surface is that the tangential components of
the electric field vanish. This condition also implies
that the normal component of the magnetic field van
ishes on the surface. The conducting surface will there
fore be approximated by a collection of surf aces of
cubes, the sides of which are parallel to the coordinate
axes. Plane surfaces perpendicular to the x-axis will be
chosen so as to contain points where Ell and E. are
defined. Similarly, plane surfaces perpendicular to the
other axes are chosen.

(6)

(5)

(2c)

(2d)

(2b)

Dz"(i + t,j, k) - Dz"-l(i + !oj, k)

~t

H.,,-1/2(i + t,j + t, k) - H."-l/~(i + t,i - i, k)

~y

H v"-1/2(i + i,i, k + !) - H",,-1/2(i + i,j, k - !)
~z

+ J.,,,-1/2(i + t,j, k).

E."(i,j + 1, k +~) - E,"(i,j, k + !)
~y

The finite difference equations corresponding to (2b)
and (2c), respectively, can be similarly constructed.

For (2d) we have

where I, }J., and E are assumed to be given functions of
space and time.

In a rectangular coordinate system, (la) and (lb) are
equivalent to the following system of scalar equations:

aB., aE. aE~
--=---,

at ay az

aB~ aE., aE.
--=---,

at az ax

The equations corresponding to (2e) and (2f) I respec
tively, can be similarly constructed.

The grid points for the E-field and the H-field are'
chosen so as to approximate the condition to be dis
cussed below as accurately as possible. The various grid

J
'

positions are shown in Fig. 1.

B.,"+1/2(i,i + t, k + i) - B.,"-1/2(i,j + !, k + !)
~t

Ev"(i, j + !. k + 1) - E~"(i, j + !, k)
=

~z

F(i~:x, j~y, Mll, ntJ.t) = F"(i,j, k). (-!)

A set of finite difference equations for (2a)-(lf) that
will be found convenient for perfectl~', conducting
boundary condition is as follows.

For (2a) we have

aB. aEz aE~
-=---.
at ay ax

aD., aH, aHv
-=----J",at ay az
aD. aH" aH,
-=----J~,
at az ax

aD, aH~ aH"
-=----J"at ax ay

where we have taken A = (A .. A~, A,). We denote a grid
point of the space as

(i, j, k) = (i~x, j~y, Mz) (3)

and for any function of space and time ,\"e put

;
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)oint. Furthermore, we take E and JL to be constants and
T=O. The only source of our problem is then an "in
:ident" wave. This incident wave will be "scattered"
Lfter it encounters the obstacle. The obstacle will be of
. few "wavelengths" in its linear dimension. Further
implification can be obtained if we observe the fact
hat in cylindrical coordinates we can decompose any
lectromagnetic field into "transverse electric" and
transverse. magnetic" fields if E and JL are constants.
'he two modes of electromagnetic waves are character
:ed by

1) Transverse electric wave (TE)

Hs = H" = 0,

aB. aE"
--=E-,

ax at

aH. aEv aE.
-JL-=---'

at ax ay

aB. aE.
E-=-'

ay at

E. = 0,

(9)

~T

E,,"+I(i,j + i) = - Z tu [B."+I/2(i + !,j + !)

- B."+1/2(i - !, j + i)]. (13c)

Ti\I waves:

E,"+l(i, j) = E."(i, j)

~T+ Z tu (B,,"+l/2(i + i,j) - H II"+1/2(i - !,Dl

~T
- Z - [B."+l/2(i,j +!) - H."+lI2(i,j - i)] (14a)

~y

H."+I/2(i,j +!) = H._1/2(i,j + t)
1 ~T

- - - [E."(i,j + 1) - E."(i,j)] (14b)
Z ~y

H"n+lI2(i + i,j) = H"o-l/2(i + i,j)

1 ~T+ - -lE,ft(i + 1,j) - E,"(i,jl]. (14c)
Ztu

i=81i=49

Fig. 2. Equivalent problem for scattering of a T:\l wave.

NUMERICAL CO~PuTATlONS FOR T:\l WAVES

For further numerical discussion we shall limit our
selves to the T:\l waves. In this case we use the finite
difference equations (14a)-(14c). The values for E.oCi, j),
H,,112(i+!, j), and H.I/2(i, j-i) are obtained from the
incident wave. 2 Subsequent values are evaluated from
the finite difference equations (14a)-(14c). The bound
ary condition is approximated by putting the boundary
value of Etft(i, j) equal to zero for any n.

To be specific, we shall consider the diffraction of an
incident T:\l wave by a perfectly conducting square.
The dimensions of the obstacle, as well as the profile of
the incident wave, are shown in Fig. 2.

j-97(11)

(10)

(12)

H t = 0,

aH" aE.
JL-=-'

at ax

Z = I: = 376.7,

E. = E" = 0,

aEt aB" aB.
E-=---

at ax a:y

aH. aEt
JL-= --,

at ay

1 AT
+ Z toy E."(i + i,j + 1) - E.ft(i + t,j)] (13a)

lei + i, j) = E.n(i + tj)

-l/2(i + t, j + i) = H.ft-112(i + !, j + i)
1 ~T

- Z Ax (E"ft(i + 1,j + t) - E"ft(i,j + !l]

Id
2) Transverse magnetic wave (T:\l)

Let C be a perfectly conducting boundary curve. We
proximate it by a polygon whose sides are parallel to
~ coordinate axes. If the grid dimensions are small
npared to the wavelength, we expect the approxima
n to yield meaningful results.
~etting

can write the finite difference equations for the TE EI-O

T!\l waves.
'E waves: j-33---9---- !'-~.L....t.;"':"'L..L.L...I.",""",,'_L<<;"~"'

AT
- [Htft+,n(i + i,j + ~) - H...+II2(i + i,j - ill (13b) • \\'e choose I such that when laO the incident wave has not en-
j.,)' countered the obstacle.
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Fig. 3. Results of the calculation of E, by means of (I4a)-(I-k) in
the absence of the obstacle. The ordinate is in volts/meter and
the abscissa is the number of horizontal increments. n is the
number of time cycles.
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. [(X - 50a + ct)1r]
E,(x, y, t) = Sin

8a.

o~ x - 50a + ct ~ 8a (l6a)

From the differential equation satisfied by E, \\'e con
clude that the results for the equivalent problem (see
Fig, 2) should approximate those of the original prob
lems, provided

Let the incident wave be plane, with its profile being
a half sine wave. The width of the incident wave is
taken to be a units and the square has sides of length
4a units. Since the equations are linear, we can take
E, = 1 unit. The incident wave will have only an E,
component and an H II component. Vo/e choose

A finite difference scheme over the whole .r-y plane
is impractical; we therefore have to limit the extent of
our calculation region. We assume that at time t = 0, the
left traveling plane wave is "near" the obstacle. For a
restricted period of time, we can therefore replace the
original problems by the equivalent problem shO\\"n in
Fig. 2.

The input data are taken from the incident wave with

(l i)

-~J'" 1Q(8 - 80 , ~) - Q(8 + 80, ~) I
2/3 0

'!(t - : cosh ,) d~,

E,(r, 0, /) = (j(8 - 80)1 {t + ~ cos (0 - 80 )}

- (j(0 + 80)! jt + .!..- cos (8 + 80)*} l
l c ,

, (8+80)" = (8+8,,1 +2"'13: where m is an integer so chosen that
-8 < (8+80)":::;/l.

where 00 is the direction of incidence, Friedlander [3]
has shown that the solu tion to this diffraction problem
IS

CmlPARISOK OF THE CmlPCTED RESCLTS \\'ITH THE

KNmn; RESCLTS ON DIFFRACTION OF

PCLSES BY A WEDGE

There exist no exact results for the particular exam
ple we considered here. However, in the case when the
obstacle is a wedge, Keller and Blank [2] and Fried
lander [3] have solved the diffraction problem in closed
forms. In addition, Keller [4] has also proposed a meth
od to treat diffraction by polygonal cylinders. To carry
out the method proposed by Keller [4]. one would have
to use some sort of finite difference scheme. The present
difference scheme seems to be simpler to apply in prac
tice. For a restricted period of time and on a restricted
region, our results should be identical with those ob
tained from diffraction by a wedge. \\'e present such a
comparison along the points on the straight line coin
cident with the upper edge (i.e.,j=65).

Let the sides of a wedge coincide with the rays 0= 0
and 0 = {l Let the physical space be 0 < r < OC, 0 <0 <{1.
Let this "'edge be perfectly conducting. If the incident
E, is given by

E,ine = 1 {t + : cos (0 - Oo)} ,

culation was not carried far enough to show this effect.
Figure 5 shows the value of E, for the T~I wave as a

function of the horizontal grid coordinate i for j = 50.
This line (j = 50) meets the obstacle, and hence we ex
pect a reflected wave going to the right. These expecta
tions are borne out in Fig. 5. After the reflected wave
from the object meets the right boundary (s.ee Fig. 2),
the wave is reflected again. This effect is shown for the
time cycles 75, 85, and 95.

Figure 6 is for j = 65. This line forms part of the
boundary of the obstacle. Because of the required bound
ary condition, E, is zero on the boundary point. To the
right of the obstacle there is a "partially" reflected wave
of about half the amplitude of a fully reflected wave. To
the left of the obstacle there is a "transmitted" wave
af ter 85 time cycles.

All these graphs were obtained by means of linear
interpolation between the grid points. They have been
redrawn for reproduction.

(l5a)

(l6b)

(15b)

.6.x = .6.y = a/8

.6.1' = c.6..t = !.6..x = a/16.

1
HI/(x, y, t) = - E,(x, 'V, t).Z .

and

o~ 11.6..1' ~ 64.6..1',

because the artificial boundary conditions "'ill not affect
our solution for this period of time.

For n> 64, however, only on certain points will the
results of the equivalent problems approximate those
of the original problems.

~umerical results are presented for the 1':\1 waves
discussed above. To gain some idea of the accuracy of
the finite difference equation, we have used the system
(l4a)-(l4c) with the initial E, being a half sine wave
jor the case of no obstacle. \Ve note that the outer
boundary conditions will not affect this incident wave
as there is no H .. component in the incident wave.
Ninety-five time cycles were run with the finite differ
ence system (14a)-(l4c), and the machine output ,is
shown in Fig. 3. The oscillation and the widening of the
:nitial pulse is due to the imperfection of the finite
difference system.

Figure 4 shows the value of E, of the 1':'11 wave as a
function of the horizontal grid coordinate i for a fixed
vertical grid coordinate j = 30. .'\ t the end of fi \'{' time
cycles, the wave just hits the obstacle. The line j =30
does not meet the obstacle, but is "sufficiently" near
the obstacle to be affected by a "partially _reflected"
wave. There is also a partially transmitted wave. The
phase of the reflected wave is opposite that of the in
cident wave, as rcquired by the boundary condition of
the obstacle. Thcre should also be a decrease in wavc
amplitude due to cylindrical divergence, but the cal-

AS ---- ,
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, The origin of the wedge is taken to be the upper right-hand
corner of the square. The zero time here differs from that of the
numerical integration.

cosh k~ - cos k(,.. - 4)

At t = 0, the inciden t wave hits the corner.
The discontinuities of the first two terms across the

lines 9=9o±1r and 9= -9o ±1r are compensated for by
the contributions from the last integral. Itcan be shown

at for

For our incident wave we havet

-0,~1 Vn-15

-0.~1
, ,

S /n-2S ....

-0.~1
!

""'
7n'3~ -

-0.~1
! ! ),Jf'l s .-.5

-0,~1
! '7n'~~ ..

10 20 30 40 50 60 70 80

I
crt

0<-<8
jet) = a

o otherwise.

Results of the computations based on (18) are shown in
Fig. 7. The agreement with the graphs on Fig. 6 appears
to be good, even for this coarse grid spacing.

Fig. 7. Calculation of E. for various sycJes. These results are based
on (18). The origin of the coordinate and of the time have been
adjusted to agree with that used in the numerical calculation.
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(18)

311"
/3 =

2

sin k(r + '/I)

cosh k~ - cos k(1I" + y,,)

sin k(r - 4)

11"
8 = 90 = -'

2 '

11"
k =-

/3

IT("') (! '" \ < 11");

IT("') 0 (,.. < I"'I <fJ);

IT('" + 2fJ) = ITC"')

Q(y".~) =

where

and

.... ,
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B Brochure for XFDTD: The Finite difference time domain
graphical user interface for electromagnetic calculations
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Remcom Incorporated

FDTD Specialists
AdvanCld Teoll lor ElectromagnetiC! Profellionall

~
emcom Incorporated was
formed in 1991 to provide

~ electromagnetic consulting
services through its novel applica
tions of the Finite Difference TIme
Domain (FDTD) method. As the
FDTD method was refined,
Remcom's focus changed from per
fonning FDTD calculations to pro
viding customers with the ability
to make the calculations them
selves. The end result of this
process is a suite of FDTD method
software packages; XFDTD.
XFDTD's impressive array of
capabilities are the direct out-

'owths of the investigations pur
_ued during Remcom's consulting
phase and through customer inter
actions after XFDTD was intro
duced.

Remcom's corporate philosophy is
to provide reliable, highly capable
software, excellent customer sup
port, and low prices. This is a dif
ficult balance to achieve but
Remcom takes a somewhat unusu
al approach. We have a minimal
sales force. Simply put, we rely on
our satisfied customers, easy access
to demonstration versions of
'cDTD, and a modest advertising

l'udget to sell our products. The

resources saved through this
approach can be used to insure our
customers receive the products
and attention they deserve.
Remcom is constantly improving
its offerings and is always open to
suggestions and insights from its
customers.

But why use an electromagnetic
tool based on the FDTD method?
If you follow the IEEE technical
literature, in such publications as
Antennas and Propagation,
Microwave Theory and
Techniques, or Electromagnetic
Compatibility, you know that the
number of papers using FDTD to
analyze geometries has grown
exponentially in the past decade.
There are many reasons for this.
FDTD is extremely general in the
geometries it can analyze.
Conductors, lossy dielectrics and
magnetics, anisotropic materials,
biological tissues, ferrites, and
many other problems are extreme-

, ly difficult for other methods, but
are easy for FDTD. Furthermore,
as problems become electrically
large, the FDTD method quickly
becomes more efficient in terms of

, computer time and memory than
other methods since there is no

B2

Cellular Phone and surrounding
fields calculated in XFDTD



Remcom Incorporated

FDTD Specialists
Adnnced Tooll lor EllCtromqnfliCl Prolfllionall

:mix to fill and solve. FDTD
n provide results for a wide spec~

1m of frequencies from just one
lculation using transient pulse
citation and FIT. All of these
pabilities are built into XFDTD.

le FDTD method is the most
'ect solution of Maxwell's equa
ns possible. It is complete and
11 wave", that is, there are no
Jroximations that prevent a cor~

t solution from being reached.
ere is no pre~selection of modes.
solution form. Boundary condi
ns are automatically satisfied. If
hysical phenomenon exists, the
TD method will include it in
solution.

lile FDTD is based on a solu-
1 grid, this grid is fundamental
Iifferent than those used by
er methods. The FDTD grid is
1posed of rectangular boxes.
h box edge is an electric field
uion, and the material for each
ih edge can be specified inde
den til' of other edges. A geom
. is formed by assigning differ~

materials to different mesh
~S. This regular grid is chosen
e making calculations for each
element is extremely fast.

This allows very precise approxi
mations to the actual physical
geometry.

At first glance, the stepped
approximation that an FDTD grid
makes to a slanted or curved
geometry looks crude. But one
must remember that the FDTD
mesh size is 1/10 to 1/30 of a
wavelength, sometimes smaller.
So that while the mesh approxi
mation may look less accurate
than a smooth mesh produced by
other methods, the actual devia
tion of the stepped FDTD mesh
from the physical geometry will be
less than for other methods since
the FDTD grid size is so much
smaller. The FDTD strategy is to
use many very small mesh ele~

ments that can be computed
quickly and with very little com
puter memory. It is routine to

make FDTD calculations with mil
lions of cells in a few minutes.
This is simply impossible with
methods based on matrix fill and
solve. In short, this is the power
of FDTD, and of XFDTD.

B3

Electrical fields in vicinity of
Helical Antenna
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XFDTD Introduction
Advanced Tools for Electromagnetics ProfOlionals

X
FOTD is the result of our
efforts to bring the power
of the FDTD method to

people who don't have the time
(or inclination) to become FDTD
experts. The FDTD method is
extremely simple, however, bring
ing together all of the components
necessary for a complete FDTD
calculation can be daunting. In
addition, when dealing with mil
lions of individual FDTD cells the
process of meshing the geometry is
nearly impossible without good

I visualization. The XFDTD
approach to meshing provides the

'~r with complete control of the
...1al mesh, including individual
mesh edges if necessary. Again,
this is in contrast with other soft
ware that meshes the geometry
based only on primitives. Of
course, you can't mesh millions of
mesh edges individually. XFDTD
provides powerful tools to help
you mesh your geometry, including
a wide selection of primitive
shapes and a powerful graphical
editor. XFDTD also provides both
20 and 3D mesh views of your
structure.

t XFOTO isn't just a mesher.
1t provides complete control of the

entire Electromagnetic analysis
process including:

• Geometry setup and meshing
• Excitation
• Choice of desired results
• Making the FDTD calculations
• Post-processing
• Display of results

XFDTO is based on the very latest
advances in FDTD technology.
All of the Remcom engineers have
many years of experience in both
FDTD development and applica
tion. You probably won't need
any help from us to use XFDTD,
but if you do, you will be interact
ing with the same Remcom engi
neers who developed the FDTD
methods being implemented in
XFDTD. The time lag from the
appearance of advances in the
FDTD method and their incorpo
ration into the XFDTD software is
extremely short. Many of these
FDTD advances are made by
Remcom engineers in response to
customer needs. We are commit
ted to keeping XFDTD the most
advanced FDTD code available.

B4

Meander Line Microstrip
and surrounding fields calculated

in XFDTD
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What's New in 5.0?
Advannd Tools for Electromagnetics Proltlsionals

>(FDTD 5.0 represents a
major advance in the con-

. tinuing evolution of the
~DTD software line. Remcom
19ineers have adapted and
panded the powerful FDTD
mputational engine from earlier
rsions of XFDTD and integrated
is capability with an improved
'aphical User Interface. The
;ult is XFDTD 5.0, the most
werful and easy-to-use version
XFDTD to date.

my operations have been
:amlined and made more effi
nt while providing increasing
dbility. Sophisticated menus
1trol every aspect of calcula-
:1S from assigning material prop
es to choosing waveforms and
shing objects. After the FDTD
:ulations are completed, there
complete suite of analysis tools
ilable with all graphing uti1ities
lpletely integrated into
)TD.

JTD 5.0 is the first version
CFDTD available as a native
ldows 95/98/NT application.
ll"'ting XFDTD to the Windows
ironment gave Remcom engi
's the 0pl"'0rtunity to add many

new features, such as multiple
views of the mesh geometry, multi
ple windows, project file tree, pre
view of the excitation waveform
and frequency spectrum, and many
others. Incorporating the color
images produced by XFDTD into
your reports is now simplified
using the new image export fea
ture.

But Remcom has not forgotten the
UN IX community. The impres
sive improvements in the
Windows version of XFDTD 5.0
are also available for all major
UNIX platforms. (See page 10 for
a complete list.)

New features include;
-Advanced Graphical User

Interface
-Multiple mesh views
-Multiple windows
-Color Image Export
-More User Defined Materials
-Series/Parallel lumped RLC loads

with voltage/current sources
: -3D display of Surface Currents

-Improved SAR computation
-Steady State Conduction

Currents
-Expanded "Movie" Capabilities

B5
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Remcom IncGrporared

XFDTD Features
Adnnced Tools for Electromqnetics Professionals

XFDTD Version

~eneral 5.0 5.0 5.0
~alculations SE Pro Bio~Pro

Lossy Dielectric materials • • •
Lossy Magnetic Materials • • •
Perfect Conductor • • •
Frequency-Dependent Dielectrics • • •
Anisotropic Ferrites • •
Display of mesh with slice/translate/zoom • • •
Interactive mesh editing with mouse control • • •
Local Regions of smaller mesh cells • •
Automatic meshing of basic shapes • • •
Copy regions of mesh • • •
Rotate mesh coordinates by 90 degrees • • •
20 slices and 3D view of meshed objects • • •
Merge Meshes together to combine objects • • •
Menu control of FDTD calculations • • •
~41Jltiple Voltage Sources with series resistor • • •
..dO, PML, PEC, and PMC outer boundaries • • •

Incident Plane Wave excitation • • •
Sample Steady-State Fields, Currents •
Sample Transient Fields and Currents • • •
Line Plots of Results • • •
Color Display of 20 Field/current slices • • •
Color Display of 3D surface currents • Antenna radiating at
"Movie" sequences of slices through geometry • air/ground interface
"Movie" sequences of transient fields vs time • • •
Microwave Circuit Calculations
Input Impedance vs Frequency • • •
Single Frequency Input Impedance • • •
Multi-Port S-Parameters vs Frequency • •
Multi-Port steady state S-Parameters • •
"'ultiple Voltage/Current Sources • •

,tith Series/Parallel RLC
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Remcom Incorporated

XFDTD Features
AdvanC!d 10011 for Eintromagnetici Profellionall

3,Port Microstrip Ferrite Circulawr
Geometry, 2,D view with Eleceric I

fields (above), 3~D view showing
depth of structure (below)

•

•
•

•
•
•
•

•
•
•

optional

optional

optional

5.0 5.0

Pro Bio,Pro

• •
• •
• •
• •
• •
• •
• •
• •
• •
• •
• •
• •
• •

ological Calculations
ecific Absorption Rate (SAR)
;play Planes of steady state E, B fields
iplay Planes of steady state current density
just SAR level to specified input power
Iculate I and 10 gram SAR averages
:ation of peak SAR
R"movies" by slicing through the mesh
'1 ce II excitation
lole Body average SAR value
:omatic adjustment of Remcom Head or Body
esh tissue parameters to frequency
~-Meshed human head and body
dule for remeshing dielectric objects with different
~II sizes and/or rotation
dule for removing mesh rotation from antenna
ltterns

ircular Polarization Antenna Gain Patterns •
ratenna Impedance vs Frequency •
'ansient Far Zone Transformation •
:eady State Antenna Impedance/Efficiency •
ltenna Gain vs Frequency •
ngle Frequency Far Zone Transformation •
Jtomatic Meshing of Spiral Antennas •
lin Wires with different wire radii •
Parameters
cident Plane Wave •
attering Cross Sections vs Frequency •
·Static Scattering vs Angle •
Jltiple Voltage/Current Sources
fith Series/Parallel RLC

XFDTD Version

mtenna/ 5.0
Scattering SE
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Remcom Incorpurated

XFDTD Options
Advanced Tooll for ElectromagnetiC! PrOfellional1

The basic XFDTD packages
are complete for most pur
poses. However, some users

may be interested in obtaining
software maintenance, source
code, or additional platform
licenses. XFDTD meshes for
human bodies are also available.

Basic software maintenance is
available for XFDTD in our

I Technical Support option. This
I support includes response to e

mail, telephone, or fax questions
about the use of XFDTD.

~, provide flexibility in the main-
L .£lance of XFDTD, a special Full
Maintenance plan is available.
Full Maintenance provides all the
services of our Technical Support
plan in addition to new XFDTD
versions as they are released. For
example, if XFDTD 6.0 is released
while a customer is covered under
Full Maintenance, the new version
would be shipped at no additional
cost. Full Maintenance must be
purchased within 90 days of the
purchase of XFDTD 5.0. If Full
Maintenance is allowed to lapse
for more than 60 days it may not

renewed.

Full Maintenance
• Includes all new updates and

releases
• Extends original 90 day

phone/fax/e-mail support for
time of coverage

• Extends guarantee of correct of
operation for time of coverage

Technical Support:
• Extends the original 90 day

phone/fax/e-mail technical
support for time of coverage

• Extends guarantee of correct of
operation for time of coverage

Platform License:
• Allows installation of XFDTD

on additional computer platform

Microstrip Lange Coupler
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Remcom Incorporated

BioMesh Options
Advanced Tooll for Electromagnttio Professionals

=z
emcom leads the world in
the area of biological elec-

... tromagnetic simulations
ith XFDTD 5.0 Bio-Pro in con
nction with our four Biological
esh Geometries. For most pur
Ise, the Standard Meshes are
eal. For those making calcula
ms requiring greater precision,
~mcom's new High Fidelitiy
eshes (see page 10 for details)
auld be considered. These
~shes are useful for making cal
lations of the effects of a head
d shoulders, or a full human
dy, on the performance of
tenrlas andfor~~ti~~~i;g'
ecific Absorption Ratio (SAR)
'els.

le FCC states; "The use of
)ropriate numerical and compu
ional techniques, such as FDTD
llysis, may be acceptable for
nonstrating compliance with
.R values.... However, in order
numerical techniques to be
id the basic computational
arithm and modeling of the
-rable device should be validat
and appropriate models of the
nan body should be used which
l provide reasonable accurate
mates of SAR." The Remcom

Biomeshes are furnished, without
liability, in part to aid customers
in their efforts to comply with
FCC limits on SAR.

Standard Human Head/Shoulders
Mesh: Created by Dr. Michael
Smith and Mr. Chris Collins of
The Hershey Medical Center, the
mesh uses 3 mm cubical cells in a
space 153 x 118 x 120 or
2,166,480 cells. The head and
shoulders are divided into 5 tissue
types plus a separate skin layer. In
addition, the tissue conductivity
and permittivity values given by
Camelia Gabriel, Ph.D., and Sami
Gabriel, M. Sc. are provided for
the head and shoulders mesh at 9 '
frequencies from 150 MHz to 2.3
GHz. Requires approximatefy96----
MB for calculation.

Standard Human Body Mesh:
based on the "Frozen Man" slices
produced by the Visible Human
project, the mesh uses 5 mm cells
in a mesh space 157 x 102 x 396
cells. The body is divided into 6
tissue types. Constitutive parame
ters are provided for 150, 300,
500, 700, and 950 MHZ. Requires
approximately ~N1Bfor calcula
tion.
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Remcom Incorporated

High Fidelity BioMeshes
Adyanced Tools for Eleclromagnltics Profnsionall

...... f a greater precision in the

.1
human body mesh is required,
Remcom also offers High

Fidelity human meshes for both
full body and head/shoulders
regions. These meshes are also
provided by Dr. Michael Smith,
and Mr. Chris Collins, of the
Hershey Medical Center.

Both High Fidelity meshes include
I the capability to automatically

adjust the permittivity and con
ductivity of the tissues for any
specified frequency between 1
MHz and 20 GHz. This saves the

~r the tedious effort to typing in
_.lese parameters for each tissue
type in the mesh as the desired fre
quency of interest changes. These
high fidelity meshes provide signif
icantly more accurate detail for
internal body structures. I~eL.
hay"~.appJication when internal
E"M fields~~e_ ..il1}P.o-rtanr,-fo;;~;m
pie--;-ith implanted medical
devices.

High Fidelity Head/Shoulders
Mesh: Made up of 2 mm x 2 mm
x 2.5 mm (vertical direction)
FDTD cells, 17 tissue types and an

erall mesh size of 309 x 177 x
161 cells. Additional space may

be added around the mesh for
insertion of phone handset or
other electronic devices. The
mesh size as provided is about 8
million cell mesh and requires
approximately 256 MBytes of
RAM for XFDTD calculation.

High Fidelity Body Mesh:
Made up of 5 mm cubical FDTD
mesh cells, 24 different tissue
types, and an overall mesh size of
136 x 98 x 319 cells. Again, some
additional space around the body
may be added using the XFDTD
5.0 mesh merge function. This
mesh as provided is about 4 mil
lion cells and requires roughly 128
MBytes of RAM for XFDTD cal
culations.

:' \
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Remcom Incorporated

XFDTD Pricing
Advanced Tooh for EllCtromagn!lics Profllsionals

DTD Executable Packages include:
>l:FDTD Graphical User Interface and Calculation Program
jser's Manual
[he Finite Difference Tlme Domain Method for Electromagnetics
)'i Kunz and Luebbers, CRC Press
three Months lnstallation/Operation Technical Support
)ne year Guarantee
lingle Platform, Multiple User, No Time Limit license

iomesh Options:
igh Fidelity Head and Shoulder Mesh (2-2.5mm cells)
igh Fidelity Human Body Mesh (5mm cells)
andard Human Head and Shoulders Mesh (3mm cells)
andard Human Body Mesh (5mm cells)
~mesh and Rotate Module for XFDTD 5.0 Bio-Pro

:;'DTD packages are available for the following computers:
Intel Pentium with Windows 95/98 or NT 4.0
Intel Pentium with SCO Unix OSR 5 or later
Intel Pentium with Linux ELF
Silicon Graphics with IRIX Version 5.x or later
IBM RISC 6000 with AIX Version 4.l.x or later
Hewlett-Packard with HPUX Version 10 or later
Sun with Solaris Version 2.4 or later
DEC with Digital Unix V3.2 or later

1

All versions of XFDTD 5.0 are
available in 5 and 10 license bundles
which offer significant savings over
individual license purchases. Please

contact Remcom for details.

XFDTD 5.0
Bio~Pro

$15,000.00 ~

$3,500.00
$7,500.00

$10,500.00
$3,500.00 _
$3,000.00 "

"$1,500.00
$7,500.00

"
"\

'.

$8,000.00 'J

$8,000.00
$3,500.00 ;-!'

$2,000.00 ,.,:
$5,000.O~ ~I.

XFDTD 5.0
Pro

$12,000.00
$2,500.00
$4,500.00
$7,500.00
$3,500.00
$2,500.00
$1,500.00
$6,000.00

XFDTD 5.0
SE

$9,000.00
not offered
$1,500.00
$4,500.00
$3,500.00
$2,000.00
$1,500.00
$4,500.00

terns:
xecutable Package
Jpgrade from 4.x
Jpgrade from 3.x
Jpgrade from 2.x
Jnix to Windows Conversion
Jll Maintenance (per year)
~chnical Support (per year)
.dditional Platform License
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Rem C 0. m [n cor p c) rat e d

Contact
Advanced Tooll for Electromagnetics Profellionals

Tn.pan:

Maruzen Co. ,Ltd
13-6, N ihombashi
3-Chome, Chuo-ku,
Tokyo, 103 Japan
+81-3-3275-8598
+81-3-3274-3239 fax
Takeo Seiki
seiki@maruzen.co.jp

Remcom Incorporated
Calder Square Box 10023
State College, PA 16803
USA
814-353-2986 phone
888-773-6266
814-353-1420 fax
888-973-6266
Toll free in U.S. and Canada
www.remcom.com
xfdtd@remcom.com

Korea:

Echo Microsystem, Inc.
Hae Tae Bldg., 77-1,
Karak Bon-Dong, Songpa-Ku,
Seoul, Korea 138-169
+82-2-408-9877
+82-2-408-9855 fax
Won Dae Shik (David Won)
\\·onds@echoms.co.kr
., '\\'w.echoms.co.kr
_p.echoms.co.kr
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C Pictures of the measurement setup

The constructed short-circuited microstrip patch antenna and the globe filled with a
water-salt solution is given in figure C1.

The transmitter (hom) antenna is given in figure C2.

Figure C2. The transmitter (horn) antenna



D Characteristics of the phantoms: The cube and globe filled with a
salt-water solution

A representation of the cube filled with a fluid is given in figure Dl

< 20em >

Figure Dl. The cube where the sidelength ofthe cubic is 20 cm and the wall thickness is
0.5 cm

A representation of the globe is given in figure D2.

20 em

Figure D2. The globe with a diameter sphere of20 cm and a wall thickness of0.5 cm

The dielectric properties of the phantoms content are given in table D 1.

F=900 MHz Re (E) = 44.05 1m (E) = 18.95
F = 1800 MHz Re (E) 1m (E) = 25.42
Table Dl. The dzelectrzc propertzes phantom content, provzded by Luc Martens,
University ofGent



E The FDTD models of the cube and the globe

A graphical representation of the FDTD model ofthe cube and the patch antenna is given
in figure E1.

';>XFDTD -IMamG"d modell 'dl [J[;;j[:J
~--:: -~--- --- -, ----------------~------ ----- ---------------~----~HC

'II .. C' '~ {;) I"=..J "\ '~r: I '" I -.J I ;" ~

Figure £1. The FDTD model o/the cube and the short-circuited microstrip patch
antenna

The parameters ofthis FDTD model is given in table E1

Number of cells 141 x 141 x 141
!1x=!1y=!1z 2.5 mm
Cube (inner core, consists of fluid) 76 x 76 x 76 cells
Fluid permittivity 43,4
Cube (outer core, consists of PVC) 2 cells from the inner core
PVC permittivity 2.8
Table £1. Parameters FDTD model wzth cube

El



A graphical representation of the FDTD model of the globe and the patch antenna is
given in figure E2.

.6"J' XI I)' I) 1~,lJi'llfllmd holl ull r:r:J C
I ,,-~ - - -- - -- - - - - rnr

'10.- -~"I'::Jl'~~I· 1.J1;"rl'I.

Figure E2. The FDTD model ofthe globe and the short-circuited microstrip patch
antenna

The parameters of this FDTD model is given in table E2.

Number of cells 141 x 141 x 141
f:.x=f:.y=f:.z 2.5mm
Globe (inner core, consists of fluid) 76 x 76 x 76 cells
Fluid permittivity 43,4
Globe (outer core, consists of PVC) 2 cell from the inner core
PVC permittivity 2.8
Table E2. Parameters FDTD model wzth globe

E2
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