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Abstract

In this thesis, a transmission-line model for the Planar Inverted F-Antenna
(PIFA) is developed. The PIFA is a printed circuit type antenna which is of
ten used on the main Printed Circuit Board (PCB) of mobile phones, WLAN
and Bluetooth. The PIFA consists of a thin narrow F-shaped strip, printed
on one side of a homogeneous dielectric substrate. On the other side of the
substrate, a conducting ground plane is used. One edge of the stripline is
short-circuited to the ground plane. The total length of the antenna, is about
a quarter of the wavelength )./4.
The transmission-line model for the PIFA was derived by successively adapt
ing and modifying the transmission-line model of the microstrip antenna, the
volumetric PIFA, the Short-Circuit Strip (SCS) antenna and finally arriving
at a new model for the PIFA, i.e.:
i. The transmission-line model for the microstrip antenna, which make use

of two main radiating slots, was analyzed and implemented in Matlab. A
comparison with experimental results obtained from the literature, verified
the accuracy and correctness of the implemented model.

ii. The model for the microstrip antenna was modified such that it can be
used for the volumetric PIFA. The modification consisted in assuming only
one radiating slot and replacing the other slot with an ideal short-circuit.

iii. The transmission-line model for the SCS antenna was developed as a mod
ified version of the model of the volumetric PIFA. The ideal short-circuit
in the volumetric PIFA was modelled as an equivalent LC-circuit.

IV. The transmission-line model for the PIFA was developed by partly us
ing the LC-circuit equivalent of the short-circuit in the SCS model. The
other parts of the model were developed using a new approach.

An overall verification of the transmission-line model for the PIFA was done
by comparing the model with Return Loss measurements. A good agreement
was found between the measurements and the new transmission-line model for
the PIFA.
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Chapter 1

Introduction

Recently, there has been quite a lot of interest in the modelling of the Planar
Inverted F-Antenna (PIFA). The PIFA is a printed circuit type antenna which
is often used on the main Printed Circuit Board (PCB) of mobile phones. This
type of antenna can also be found in other mobile wireless applications such
as WLAN, Bluetooth and Zigbee.

In this thesis a transmission-line model for the PIFA is developed. The
work presented here attempts to contribute to a better understanding of the
operation of the PIFA antenna.

Several other antennas and models were first studied before actually devel
oping the model for the PIFA. The first among these antennas was the rect
angular microstrip antenna. The references for the transmission-line model of
the microstrip antenna go back to the 1970's, when the first model was devel
oped [1]. Our attention, however, was mainly restricted to the transmission
line model proposed by van de Capelle and Pues [7]. This model has shown to
be very accurate in the modelling of the input impedance and return loss of
the microstrip antenna. Chapter 2 discusses the transmission-line model for
the A/2 rectangular microstrip antenna.

Chapter 3 presents a transmission-line model for the volumetric PIFA,
which in fact is a modified version of the microstrip antenna model of the
previous chapter. This is the second step in developing the transmission-line
model for the PIFA. The volumetric PIFA is basically a microstrip patch an
tenna which is fully short-circuited across the width W [3]. The antenna length
L is approximately a quarter of the wavelength A.

In chapter 4, a transmission-line model for the Short-Circuit Strip (SCS)
antenna is developed. The SCS antenna consists of a thin conducting strip
above a metal ground plane. One end of the strip is short-circuited to the
ground plane, whereas the other end is left open. The new transmission-line
model represents the SCS antenna as a transmission-line, short-circuited at
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CHAPTER 1. INTRODUCTION

one side and terminated with a load impedance at the other side. The new
model is used to calculate the return loss and input impedance of the SCS
antenna.

The final part of this thesis discusses the development of the transmission
line model for the PIFA itself. The transmission-line parameters used in the
model are derived from the well-known asymmetrical coplanar strips model [4].
The line parameters computed with the model were compared with those ob
tained from EM simulations in the commercially available tool HFSS.

Another important element in the model is the end load impedance YL =
Grad+ jBrado This impedance can be seen as an equivalent load which repre
sents the end-effect at the egde the PIFA. Return loss measurements were done
on several PIFA's in the antenna laboratory at the Eindhoven University of
Technology (TU/ e). An overall verification of the model is done by comparing
the results from the measurements with the results obtained from the model.
The model can be used to estimate the return loss and input impedance of
the PIFA. The new model can be used as a tool to provide antenna designer
with resonance frequency, bandwidth and impedance estimations. The model
is implemented in Matlab.
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Chapter 2

Transmission-line model for a
microstrip antenna

2.1 Introduction

This section discusses the transmission-line model for the rectangular mi
crostrip antenna. This is the first step in developing the transmission-line
model for the Planar Inverted F-Antenna (PIFA).

The model discussed here, as well as the underlying assumptions and sim
plifications, is mainly taken from the work of Pues and van de Capelle [2]. The
model has shown to be very accurate in the modelling of the input impedance
and return loss of the rectangular microstrip antenna. It assumes that the
rectangular microstrip antenna can be represented by two radiating main slots
and two side slots. The main slots are modelled using a self-admittance and
self-susceptance. The self-admittance Gs , is obtained from the far-field analy
sis of the slot. The self-susceptance B s , is computed using an open-circuited
transmission-line. The accuracy of the model depends on the transmission-line
parameters. Therefore, much attention is paid to these parameters, i.e. the
characteristic impedance and propagation constant.

This chapter also attempts to demonstrate that the present model is cor
rectly implemented. Results from published literature are compared with
impedance results obtained from our own model.

The main subject of this section is the transmission-line model. Neverthe
less, some attention has been paid to the cavity model. The cavity model is
used to analyse the electric and magnetic fields within the dielectric substrate,
which can give a better understanding of the working principle of the antenna.
We start our analysis with the cavity model.
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CHAPTER 2. TRANSMISSION-LINE MODEL FOR A MICROSTRIP ANTENNA

2.2 Working principle: the cavity model

The rectangular microstrip antenna consists of a thin conducting plate (patch)
and a conducting ground plane separated by a dielectric substrate. The an
tenna is generally fed either by a probe through the ground plane or by a
microstrip line printed on top of the dielectric substrate. The photograph in
Fig. 2.1 shows an example of a probe-fed rectangular microstrip antenna.

Fig. 2.1: A photograph of a probe-fed rectangular microstrip antenna.

In the cavity model, the electromagnetic fields within the dielectric substrate
can be determined using Maxwell's equations in the frequency domain. When
the material of the substrate is characterized by a permittivity C = COCr and a
permeability 11 = 110, these fields in a source-free region can be written as

\7 x E = -jwl1oH (2.1)

(2.2)

where E denotes the electric field and H is the magnetic field, both in fre
quency domain.

An expression for the electric field E can be found if H in Eq. (2.1) is sub
stituted into Eq.(2.2), i.e.:
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CHAPTER 2. TRANSMISSION-LINE MODEL FOR A MICROSTRIP ANTENNA

Here represents ria the normal vector to the cavity sidewalls.
From Eq. (2.8) it is concluded that the cavity sidewalls can be represented

by Perfect Magnetic Conductors (PMCs). The top patch and the ground plane
are assumed to be Perfect Electric Conductors (PECs).

1\

X

1\

----y

(a)

1\
Z

Perfect Electric
Conductor

1\

Y

feeding probe

(b)

Fig. 2.2: (a) Top view of the microstrip antenna In a coordinate system
(b) Side view of the microstrip antenna.

We assume that the substrate is very thin (h « Amat) , where Amat is the
wavelength in free space. The consequence of this is that the electric field
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2.2 Working principle: the cavity model

is constant along the z-direction, i.e. ozEz = O. Furthermore, the boundary
conditions at the top plate and at the ground plane state that the tangential
components of the electric field are equal to zero, that is Ex = E y = O. Now,
using ozEz = 0 and Ex = E y = 0 we can write Eq. (2.6) as,

Finally, we assume that the electric field is distributed along the x-axis in an
uniform fashion. This implies that oxEz = 0 and therefore we can write for
the electric field that

(2.9)

In this thesis we will limit our investigation to the first resonance of the an
tenna. Therefore we will only look at the fundamental mode that can exists
in the cavity. Thus, the solution to Eq.(2.9) can be written as [6],

(2.10)

The electric field is now described by sinusoidal functions. The subscripts e
and 0 are used to denote even and odd waves, respectively.

Next, we will discuss the boundary conditions. If Eq.(2.1) is written in the
Cartesian coordinate system we obtain

OyEz - ozEy

ozEx - oxEz

OxEy - oyEx

-jWf-l,oHx

-jwf-l,oHy

-jwf-l,oHz'

(2.11)

(2.12)

(2.13)

Because of the assumed electric field distribution between the antenna plates
we have ozEy --+ 0, ozEx ---+ 0, oxEz ---+ 0, OxEy ---+ 0 and oyEx ---+ O. For
Eqs.(2.11), (2.12) and (2.13) we consequently write,

1
(2.14)Hx --oE

jWf-l,o y z

Hy 0

Hz O.
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CHAPTER 2. TRANSMISSION-LINE MODEL FOR A MICROSTRIP ANTENNA

Because the cavity model assumes that the microstrip antenna has PMC side
walls, it is concluded that the tangential magnetic field components must be
zero at the cavity walls. This means that for y = 0, H x equals zero. Using
Eq.(2.14) we then write

and thus,

o. (2.15)

If Eq.(2.1O) is substituted into Eq.(2.15) we obtain

Which yields

koyE;Ee = 0

Ee = O.

The electric field within the substrate has therefore the form

or

(2.16)

(2.17)

(2.18)

(2.19)

A sketch of the electric field distribution within the dielectric substrate is
shown in Fig. 2.3.

14



2.3 Description of the transmission-line model

Perfect Electric
Conductor

h

"y

----

Fig. 2.3: Electric field distribution within the substrate of a microstrip antenna.

Finally, from Eq. (2.14) the magnetic field is computed as

(2.20)

or

(2.21)

2.3 Description of the transmission-line model

The following sections present the transmission-line model for a microstrip
antenna. The model adopted in this thesis is based on the model for microstrip
antennas developed in [2,7]. The model describes the microstrip antenna as a
four-slot system (two main slots and two side slots). The analysis of the two
side slots is not included in the thesis. Fig. 2.4(a) shows the four-slot antenna
system.

The antenna consists of a conducting patch, a dielectric substrate and a
conducting ground plane. The patch has a resonant length L, a width Wand
a thickness t.
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2.4 Calculation of the model parameters

Ys is used to model the two main radiating slots. The self-admittance Ys in
Fig. 2.4(b) consists of a real and an imaginary part. The real part of Ys is
the radiation conductance Gs and the imaginary part is the self-susceptance
Bs . Two voltage-dependent current sources (Ym Vi and Ym V2 ) are used to
model the mutual coupling between the two main slots. Fig. 2.4(b) shows the
transmission-line model for the rectangular microstrip antenna.

The key elements in the model are: the self-admittance Ys , the mutual
admittance Ym, the complex propagation constant , and the characteristic
admittance Ye . The authors in [2] have done much effort in developing expres
sions for these parameters. These parameters have shown to be sufficiently
accurate for most design work [8]. A more detailed explanation of the param
eters is given in the next sections.

2.4 Calculation of the model parameters

In this section a more detailed explanation on the transmission-line parame
ters: Ys (the self-admittance), , (the complex propagation constant) and Ye

(the characteristic admittance) is given. The mutual admittance Ym is for
simplicity neglected.

2.4.1 Radiation conductance G s

This section explains the derivation of the radiation conductance Gs using the
far-field analysis. We start with some explanation about the open-end edges
of the antenna.

An open-ended microstrip shows stray fields at the end of the conducting
patch, see Fig. 2.5. In the case of the rectangular microstrip antenna, the stray
fields extend beyond the end of the microstripline. In these type of antennas,
the stray fields are the sources of the radiation.

The idea behind this is that the stray fields can be represented by two
horizontal slots along the two open-ends of the patch. These slots are the main
radiating slots in the model. The tangential stray fields uniformly illuminate
the aperture of the main slots. This is similar to the cavity model of the
microstrip antenna where there is an uniform electric field in a vertical slot (see
Fig. 2.6). In fact, these vertical slots are replaced by equivalent horizontal slots.

The stray fields can be used to compute the radiated power P T associated
with the slot aperture.

17



CHAPTER 2. TRANSMISSION-LINE MODEL FOR A MICROSTRIP ANTENNA

A
Z

Perfect Electric
Conductor

h
A

Y

Fig. 2.5: Stray fields of a microstrip antenna.

Top patch Horizontal slot

Dielectric
substrate

Fig. 2.6: Slots for the cavity and transmission-line model.

The radiated power P r is then used to determine the radiation conductance
Gs of the slot. The radiation conductance itself is written as,

where Vs is the voltage across the slot,

(2.22)

(2.23)

In the following set of formulas, a derivation of the radiated power Pr is given.
Fig. 2.7 gives an illustration of the slot in a Cartesian coordinate system. We
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CHAPTER 2. TRANSMISSION-LINE MODEL FOR A MICROSTRIP ANTENNA

this working method is given in [9, pp. 818]. In the PEe patch, the surface
electric current Ie is equal to zero. Therefore, the equivalent surface currents
become,

o (2.30)

(2.31)

Using the image theory, the conducting plate is now removed. This is taken
into account by doubling the magnetic current. This leaves us with,

(2.32)

Using 1m in Eq.(2.32), the electric field in the far-field region (R « AEJ can
be written as,

with L m defined as,

a/2 b/2

JJe x i ejko(ro·er)dx dy
T moo'

-a/2 -b/2

(2.33)

(2.34)

(2.35)

The far-field is now computed using the procedure described in [5, pp. 74-75].
The integration in Eq. (2.35) is simplified by first rewriting the cross and dot
product terms in spherical coordinates,

f r x (fe cos ecos ¢ - fe sin¢)

f¢ cos ecos ¢ + fe sin ¢
(Xofx + Yofy ) . (ex sin ecos ¢ + fy sin esin ¢

+fz cos e)
Xo sin ecos ¢ + Yo sin esin ¢ = xou + YoV'

20
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CHAPTER 2. TRANSMISSION-LINE MODEL FOR A MICROSTRIP ANTENNA

2.4.2 The self-susceptance B s

The idea of the self-susceptance Bs comes from the open-end effect at the edge
of the microstrip antenna. The fields under the patch are not entirely con
tained between the patch and the ground plane, but they rather spread out
further into the dielectric material, resulting in the so-called stray fields. It is
often said that the stray fields electrically extend the microstrip line [2, p. 533].
Fig. 2.8 shows the electrically extended microstrip.

1\
Z

Top patch

feeding probe

Extension of

1\

Y

Fig. 2.8: Extension!:::'Z of microstrip and transmission-line model.

Fig. 2.8 also shows the electrically extended microstrip line represented as a
transmission-line of length!:::.l. The expression for !:::.Z, found in the literature
[10, 11]' involves many formulas where curve fitting technique have been used
to derive them. In this thesis, the length !:::.Z is computed as reported in [11].
When a microstrip antenna with a height-to-width ratio W /h is considered,
we then obtain the following expression for the microstrip extension length !:::.Z:

(2.49)

where

24





CHAPTER 2. TRANSMISSION-LINE MODEL FOR A MICROSTRIP ANTENNA

2.4.3 The characteristic impedance Zc and the propaga
tion constant 'Y of a microstripline

To obtain the characteristic impedance Zc and the propagation constant '"Y = a + j,6,
the microstrip antenna model is replaced with an equivalent planar-waveguide
model [14].

In the microstrip antenna model, the electric field lines originate on the
edge and top of the microstrip and partially extend into the free space above
the dielectric substrate Cr, see Fig. 2.9(a).

In the equivalent planar-waveguide model, an effective permittivity ceff is
used to replace both the air and the dielectric substrate c.,. with one homoge
nous material permittivity 1 < ceff < Cr' The equivalent planar-waveguide
model is shown in Fig. 2.9(b).

(a)

(b)

Fig. 2.9: (a) Cross-section of a microstrip antenna model, (b) Cross-section of
the equivalent planar-waveguide model of the antenna.

A frequency-dependent effective width W eff is introduced to model the width
of the planar-waveguide model. W eff is larger than the width of the microstrip
antenna model, Weii > W. The height of the planar-waveguide model is equal
to the height of the microstrip line model.

Using the planar-waveguide model in Fig. 2.9(b), we can now write the
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2.5 Comparison with published results

2.5 Comparison with published results

In the previous sections, a transmission-line model was presented for the anal
ysis of rectangular microstrip antennas. Experimental results obtained from
the literature, demonstrated that the model is capable to accurately predict
impedance and return loss. Our objective here is to exactly reproduce the
results given in literature to verify the accuracy and correctness of the imple
mented model.

We tried to reproduce the input impedance graph published in [2, p. 555].
In this example, a rectangular microstrip antenna fed by a microstrip line is
considered. The antenna is characterized by: W=144 mm, L=76 mm, h=1.59
mm and Er = 2.62. Dielectric losses in the substrate and conducting losses
in the microstrip and in the ground plane are taken into account by: tan c5

= 0.001 (loss tangent), (Js = (Jg = 0.556x 105 S/mm (conductivity of patch
and ground plane), .6.s = .6.g = 0.0015 mm (rms surface roughness patch
and ground plane). Fig. 2.10 shows the input impedance of the rectangular
microstrip antenna. A frequency range of 1.157 GHz to 1.227 GHz is used to
plot the Smith chart of the input impedance. The input impedance is indicated
by the dashed line and triangle.

Fig. 2.10: Input impedance locus for a microstrip antenna.
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2.5 Comparison with published results

u

Fig. 2.12: Impedance locus for a microstrip antenna from [15].

The entire impedance locus can change drastically with the feed location,
as seen in Fig. 2.11. An good agreement with [15] indicates that the present
model is indeed correctly implemented.

It should be pointed out that the results from our model are phase-shifted
relative to the results in the reference [15], see Fig. 2.11 and Fig. 2.12. This
phase difference is probably caused by the length of connectors which formed
part of the measured antenna.
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Chapter 3

Transmission-line model for the
volumetric PIFA

3.1 Introduction

In this chapter a new transmission-line model for the volumetric PIFA is devel
oped. This is in fact a modified version of the microstrip antenna model of the
previous chapter. This is the second step in developing the transmission-line
model for the PIFA.

In chapter 2 of this thesis it was shown that the transmission-line model
can accurately estimate the input impedance of a microstrip antenna. The
transmission-line model outlined there contains self-admittances for the narrow
rectangular radiating slots. Furthermore, comparison with published results
confirmed that the model and corresponding formulas were correctly imple
mented. Now, after some modifications, can the model in chapter 2 be used
for the volumetric PIFA.

At the end of the chapter, results obtained with the modified model are
compared with those of other studies published in literature.

3.2 A modified transmission-line model

An example of a volumetric PIFA with height h, width Wand length L is
shown in Fig. 3.1(a). The volumetric PIFA is basically a microstrip patch
antenna which is fully short-circuited across the width W [3]. The antenna
length L is approximately a quarter of the wavelength A, L:::::::,\/4.

In the case of a volumetric PIFA with coaxial probe feed, the transmission
line model has to be modified as shown in Fig. 3.1 (b). Similarly to the model
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3.2 A modified transmission-line model

length slot as in the rectangular microstrip antenna, see Section 2.4.1. The
susceptance Bs is equal to the self-susceptance of an open end microstrip, see
Section 2.4.2. A more detailed explanation of the transmission-line parameters
Zc and I can be found in Section 2.4.3.

When the feed point is placed at a distance L1 from the short-circuit wall,
the input admittance Yin is written as [12, p. 61],

(3.1)

where r is the reflection coefficient:

(3.2)

It is clear from Eq. (3.1) that the feed point of the antenna can be chosen
to give a suitable input impedance. Furthermore, in the case of a probe-fed
volumetric PIFA antenna the total input impedance Zintot consists of a probe
reactance X f in series with the antenna impedance, see Fig. 3.2.

I' • 1 I• .1

Ys = Gs + jBs

Fig. 3.2: Transmission-line model of a volumetric PIFA with a probe reactance.
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CHAPTER 3. TRANSMISSION-LINE MODEL FOR THE VOLUMETRIC PIFA

In Fig. 3.2 the total input impedance Zintot can be written as,

(3.3)

The coaxial probe model reported in [16] was adopted here, where the reac
tance X f is computed as,

X f = TJ tan(21rhj ).,,),

where TJ is the intrinsic impedance of the substrate.

3.3 Comparison with published results

(3.4)

This section discusses results from experimental investigations carried out on
the volumetric PIFA. The objective here is to determine whether the model
described in previous section can be used to estimate the input impedance of
several antenna configurations.

Firstly, the antenna in [17] was considered. With the parameters defined
as in Fig. 3.1(a), we used L = 19 mm, Ll = L2 = 9.5 mm, W = 10 mm, h =
1.5 mm and £r' =1 (air).

The impedance in Fig. 3.3 was calculated using Eq. 3.1. It was compared
to the input impedance Zin data in [17] over a frequency range of 3 to 4 GHz.
The frequency increases clockwise with steps of 5 MHz.

The Smith chart in Fig. 3.3 reveals the inductive nature (positive reactance)
of the impedance. Fig. 3.3 also shows that the present model estimation is in
good agreement with the results published in [17], see Fig. 3.4.

Secondly, the antenna in [18] with the dimensions W = 160 mm, L = 80
mm and h = 7.2 mm was analyzed. The feed point location L1 was varied
from 0 to 80 mm and the input impedance Zin was calculated.

Impedance results are shown in Fig. 3.5 and the results from [18] are shown
in Fig. 3.6. The new model demonstrates that the short-circuited transmission
line is suitable for the estimation of the input impedance of the volumetric
PIFA.
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3.3 Comparison with published results

Fig. 3.3: Input impedance Zin from for configuration L
9.5 mm, W = 10 mm, h = 1.5 mm and Cr =1.

19 mm, L1 L2

Fig. 3.4: Input impedance Zin from [17] for configuration L
L2 = 9.5 mm, W = 10 mm, h = 1.5 mm and Cr =1.

37
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Chapter 4

Transmission-line model for a
SCS antenna

4.1 Introduction

In this section a transmission-line model for the Short-Circuited Strip (SCS)
antenna has been developed. This is the final step before developing the model
for the PIFA itself.

We begin this chapter with some explanation about the SCS antenna.
Then, we go into details about the modifications of the model of the volu
metric antenna so that it can be applied to the SCS antenna. The difference
with the volumetric PIFA is that the SCS antenna is much longer and thinner
across its width. A model for the inner probe conductor of the SCS antenna
is also included. This is due to the fact that the probe inner conductor is
very close to the short-circuited strip. The probe inner conductor and the
short-circuited strip are here considered as a transmission-line section.

At the end of the chapter, results from the modified model is compared
with results from input impedance measurements. The measurements were
done on SCS antennas which were already available.

4.2 A modified transmission-line model

A SCS antenna consists of a thin conducting strip above a metal ground plane.
One end of the strip is short-circuited to the ground plane, whereas the other
end is left open.

To feed the SCS antenna, a coaxial probe can be used. The inner conduc
tor of the probe is passed through the ground plane and is connected to the
conducting strip. The outer conductor of the coaxial probe is attached to the
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CHAPTER 4. TRANSMISSION-LINE MODEL FOR A SCS ANTENNA

ground plane. Fig. 4.1(a) showsa picture of a SCS antennaand Fig. 4.1(b)
showsa schematicdiagramof the antenna. As in the previouschapters,the
height h, the width Wand the length L describethe dimensionsof the an
tenna.

(a)

conducting strip

�~�~�~�L�=�=�=�L �=�=�=�=�~�:�'�1�W
short circuit

i
ground plane

(b)

Fig. 4.1: (a)Photographof a SCSantenna,(b)Diagramof a SCS antenna.

To obtain the transmission-linemodel for SCS antenna,the model developed
for the volumetric PIFA is appliedto the SCS antenna.This is donewithout
modifying the volumetric model presentedin chapter3. It is reasonableto
use the volumetric PIFA model, becausethe volumetric PIFA and the SCS
antennaare almost identical. The difference is that the SCS antennahas a
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