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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.:

10



2.2 Working principle: the cavity model

1 ~ ~

\7 x (-.-\7 x E) = -jwEoErE
JWp,o

(2.3)

If the wavenumber is defined as ko = wJEoP,o, then Eq.(2.3) can also be writ
ten in the form

(2.4)

In the expression above, we recognize the vector operation \7 x (\7 x E). Using
vector algebra it can be shown that \7 x (\7 x E) = (\7 . E)\7 - (\7 . \7)E.
Therefore, Eq.(2.4) becomes

(2.5)

Since in a source-free region \7 . E = 0 , Eq.(2.5) becomes

(2.6)

Eq.(2.6) is the Helmholtz equation for the electric field E.
Now, to solve Eq.(2.6) the following assumptions about the electric field

distribution are used. First, Fig. 2.2 shows the microstrip antenna in the cavity
model. The current density J: on the top patch has only a component along
the patch edge [5]. This means that at the cavity walls, the magnetic field Ha

can be represented by

(2.7)

From Eq.(2.7) it is clear that the magnetic field Ha is always perpendicular to
cavity sidewalls and thus,

(2.8)
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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

12



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

Other important parameters of the patch are the conductivity (Js and the
patch surface error Ils . The parameters (Js and Ils are important because they
are later used to compute the conducting losses in the patch.

main slot
side slots

t
ground plane (Og, ~g)

(a)

Top patch
(ag,~g)

I- II ,- II

y, Yc 1 y, Yc

t YmV2 YmV, t

r
(b)

Fig. 2.4: (a) Four-slots system of a microstrip antenna, (b) Transmission-line
model for the microstrip antenna.

The dielectric substrate has a thickness h, a relative permittivity fro and a loss
tangent 6s and it is assumed to have infinite dimensions in the plane of the
patch.

Similarly to the substrate, the ground plane is infinitely long and wide in
dimension. It is further characterized by the conductivity (Jg, the surface error
Ilg and the thickness t g .

The transmission-line model represents the antenna by a transmission-line
terminated at both ends by admittances. In this model, the self-admittance

16



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

18



2.4 Calculation of the model parameters

1\

Y

1\

X

a

Fig. 2.7: Vniform illuminated slot in coordinate system.

assume that the field distribution in the slot is uniform. V sing Fig. 2.7 we can
write the electric and the magnetic field in the slot aperture as

Ecuy faT
a a b b

(2.24)E a --<x< 2; -2 < y < 2'2
~ Ec~ a a b b

(2.25)Ha --u faT - - < x < -' -- < y < -.
Zo x 2 2' 2 2

where E c is a constant and Zo is the wave impedance in free space. The unit
vectors Ux and uy are defined in the Cartesian coordinate system. The width
a and the length b define the dimension of the radiating slot.

V sing the electric and the magnetic fields in the slot aperture, one can
compute the corresponding equivalent surface currents as,

(2.26)

(2.27)

where n is the normal vector of the slot surface.

Since n=uz we have

E c ~ ~ E c ~
--u xu = --uZo z x Zo y

E ~ ~ E ~

cUy x U z = cUx'

(2.28)

(2.29)

Now, a PEe plate is placed below the upper patch. We can do this because it
does not change the far-field of the antenna. A more detailed explanation for

19



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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2.4 Calculation of the model parameters

where u = sin Bcos ¢ and v = sin Bsin ¢.

Using Eq. (2.36) and Eq. (2.37) it follows that the integral L m is,

a/2 b/2

Lm = 2Ec(i!¢cosBcos¢+ee sin ¢) JJejko(xou+Yov)dxodyo (2.38)

-a/2 -b/2
~ ~. sin koua/2 sinkovb/2

= ab2Ec(e¢ cos Bcos ¢ + ee sm ¢) k
o
ua/2 k

o
vb/2' (2.39)

The electric field in the far-field region is obtained by substituting Eq. (2.39)
in Eq.(2.34),

E(r,B,¢) J'k e-jkoT
a L

m47Tr
jk e-jko1'

a abEc(e¢cosBcos¢+ee sin ¢) X
27TT

sin koua/2 sin kovb/2

koua/2 kovb/2'
(2.40)

The next step in the analysis is to find the total radiated power P r from
the slot aperture. Using the far-field electric field given in Eq.(2.40) it is found
that,

211" 11"

1 k
2
(ab)2IE 1

2 Jj'_ a c (COS2 Bcos2¢ + sin2 ¢?
2Zo (27Tr)2

o 0

X [sinkoaU/2]2 [sinkobv/2]2 r2sinBdBd¢ (2.41)
koau/2 kobv /2

To carry out the integration in Eq. (2.41), the following substitution is applied:

kx kosin Bcos ¢ = kou,

ky kosin Bsin ¢ = kov,

kz ko cos B.

21



CHAPTER 2. TRANSMISSION-LINE MODEL FOR A MICROSTRIP ANTENNA

The radiated power is therefore expressed as

(2.42)

and thus

(2.43)

Furthermore, we have dkxdky = k5 sin Bcos BdBd¢ and the radiated power is
therefore written as,

(2.44)

(2.45)

For kz we can also write kz = y'k?, - k; - k;. This means that kz is real for

k; + k; ~ k;. Thus the radiated power Pr is real when - y'k; - k; ~ ky ~

y'k?, - k;. For kx we can write kx = kosin Bcos ¢. When B varies between
[0,1r] and ¢ between [0,21r], the integration variable kx is between [-ko, koJ.

22



2.4 Calculation of the model parameters

Hence the limits of integration become

Finally, using Eq.(2.22) the radiation conductance Gs is computed as,

The integral in Eq.(2.46) is computed in [2, p. 543] as,

(2.46)

(2.47)

where an = koa is the normalized slot length, bn = kob is the normalized slot
width and

x

Si(x) = JSi~ u duo

o

23
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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



2.4 Calculation of the model parameters

~4

E~lJ + 0.26 (W/h)0.8544 + 0.236
0.434907 E~lJ - 0.189 (W/h)0.8544 + 0.87

(W/h)0.371
1+----

2.358Er + 1
0.5274 arctan 0.084(W/h) 1.9413/(2

1 + 09236
Eeff

1 + 0.0377 arctan(0.067(TiV/h) 1.456)

(6 - 5exp[0.036(1 - Er )])

1 + 0.218 exp( -7.5W/h).

(2.50)

(2.51)

(2.52)

(2.53)

(2.54)

The transmission-line model of the extension is further characterized by a phase
constant {J and a characteristic admittance Yc = l/Zc , see Fig. 2.8. In general,
the propagation constant is defined as '"Y = 0+ j {J. But, since we have assumed
that the transmission-line is lossless, the propagation constant '"Y consists here
of only the phase constant {J. The phase constant {J and the admittance Yc

are further explained in the next section.
When the transmission-line equation in [12, 13] is applied to the transmission

line in Fig. 2.8 we obtain,

y Zc + jZL tan({3~l)

c ZL + jZc tan({J~l)'
(2.55)

where ZL represents the load impedance that terminates the transmission-line.
ZL is assumed to be a very large value (infinity) due to the open edge of the
microstrip antenna structure. Using ZL ---t 00 in Eq.(5.27) we then obtain,

lim Yin = j~ tan({J~l).
ZL--->OO

The self-susceptance Bs is finally determined from Eq.( 2.56) as,

B s = Yc tan({3~l).

25
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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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2.4 Calculation of the model parameters

characteristic impedance Zc and the phase constant f3 as,

f3

"70 h

J Eef f (J) Weff (J)

koVEeff(J) ,

(2.58)

(2.59)

where "70 = J /-La / Eo is the wave impedance in free space and ko = w J /-La / Eo is
the phase constant in free space.

For a microstrip with a width W, a height h and a dielectric permittivity
Er , the frequency-dependent effective width Weff and the effective permittivity
Eeff are computed as [2],

Eeff (J) Er -
Er - Eeff(O)

(2.60)
(1 + P)

P HP2{(0.1844 + P3P4)in}1.5763 (2.61)

H 0.27488 + {0.6315 + 0.525/(1 + 0.0157in)20}u

-0.065683exp( -8.7513u) (2.62)

g 0.33622{1 - exp( -0.03442Er )} (2.63)

P3 0.0363 exp( -4.6u){1 - exp[ -(In/38.7)4.97]} (2.64)

P4 1 + 2.751{1 - exp[-(Er /15.916)8]} (2.65)

in 47.713koh (2.66)

u {W + (W' - W)/Er}/h (2.67)

and,

Weff(J) : + (Rw+ pw)1/3 - (Rw - pw)1/3 (2.68)

Sw
c2

(2.69)a

4j2[Eeff(J) - 1]

Qw ~w - (~r (2.70)

Pw (~)' + ~w [Weff(O) _ ~] (2.71)

Rw (Pw2 + Qw3)1/2 (2.72)

where Co is here the velocity of light in free-space.
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The attenuation constant a consists of dielectric losses in the substrate ad,
conducting losses in the strip aes and in the ground plane aeg ,

ad + aes + a eg ·

In this thesis, the dielectric losses ad are computed as [2],

0.5,6 Cr ceffU) - 1 tan <5,
ceffU) Cr - 1

while the conducting losses a es and aeg are calculated as,

(2.73)

(2.74)

a es anRssF!:;.sFs (2.75)

a eg cxnRsgF!:;'g (2.76)

where,

R ss J 7rf /-La / (J"s (2.77)

R sg J7r.f /-La / (J"9 (2.78)

F!:;.s 1 + ~ arctan [1.4(Rss~s(J"s)2J (2.79)
7r

F!:;'g 1 + ~ arctan [1.4(Rsg~g(J"g)2] (2.80)
7r .

2h ( W' - W) (2.81)Fs 1+ W, 1-1/7r+ t .
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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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Our Smith chart corresponds very well with the figure in [2, p. 555]. It may
therefore be assumed that the present model and formulas are indeed correctly
implemented.

Additional comparison was made with impedance data found in other pub
lished literature [15]. However, other than the comparison above it is now
focused on probe-fed microstrip antennas. Since results for the probe fed mi
crostrip antenna from the Pues and van de Capelle group could not be found,
it was decided to consult other authors and papers.

From [15] we obtained the input impedance Smith chart of the same an
tenna for three different feed locations.

The dimension for rectangular microstrip patch are: width W = 114.3 mm
and length L = 76.2 mm. The feed points (Ld are located at 7.6 mm, 22.9 mm
and 30.5 mm from the radiating egde. Other relevant antenna properties are:
tan fJ = 0.001, as = ag = 0.556 x 105 S/mm, and ~s = ~g = 0.0015 mm. The
feed points are indicated in Fig. 2.11 with the numbers 1,2 and 3 respectively.

The calculated input impedance for the implemented model is shown In

Fig. 2.11 as a function of the operating frequency.

Fig. 2.11: Input impedance locus for a probe-fed 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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CHAPTER 3. TRANSMISSION-LINE MODEL FOR THE VOLUMETRIC PIFA

in the previous chapter, the new model consists of two transmission-lines
along the length of the antenna. One transmission-line with length L1 and
the other one with length L2 =L-L1 . The transmission-line with length L1 is
short-circuited to take into account the short-circuited wall of the volumetric
antenna.

Top patch
(Og,I'>g)

L

i
ground plane (Og, ~g)

(a)

I' >1

1

r

I'

(b)

.1

[ Y=G +'Bs s J s

Fig. 3.1: (a) An example of a volumetric PIFA and (b) Modified transmission
line model for volumetric PIFA.

The radiation coming from the two side-slots is neglected. The result is a
transmission-line model terminated by only an admittance Ys representing
the radiating edge of the antenna.

The key elements in the model are the admittances Ys = Gs + jBs and the
characteristic impedance Zc together with the propagation constant I of both
transmission-lines. The conductance Gs is obtained by integration over a finite

34



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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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.
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150 ,---,----,---...,------,-----,----,-----,------,-,....--,------,--.,.------,------,

0.250.20,1 0,15
Feed distance I (wavelengths)

0,05
-150 '-------'----------'---------'-----'--------"

o

100

-100

-50

§:
Q)
u
c:

'""0
Q)
a..s

Fig. 3.5: Input impedance Zin for configuration W = 160 mm, L
= 7.2 mm and L1 = 0 to 80 mm.

80 mm, h

Re(·ii·thr;e·,iOt·yi::M·····
.. ... Re{Z} single slot TtM
() 'RL Experimeotiil'J 1
~ IRL Experimental 2

IRl Elq)erimentaJ 3
Im(Z) ti.... slot TLM
Im(Z) ,inglo slot TLM

1):1
Length Iwayelengths.

Fig. 3.6: Input impedance from [18] for configuration W
mm, h = 7.2 mm and L1 = 0 to 80 mm.

160 mm, L 80
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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) shows a picture of a SCS antenna and Fig. 4.1(b)
shows a schematic diagram of the antenna. As in the previous chapters, the
height h, the width Wand the length L describe the dimensions of the an
tenna.

(a)

conducting strip

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

i
ground plane

(b)

Fig. 4.1: (a) Photograph of a SCS antenna, (b)Diagram of a SCS antenna.

To obtain the transmission-line model for SCS antenna, the model developed
for the volumetric PIFA is applied to the SCS antenna. This is done without
modifying the volumetric model presented in chapter 3. It is reasonable to
use the volumetric PIFA model, because the volumetric PIFA and the SCS
antenna are almost identical. The difference is that the SCS antenna has a
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4.2 A modified transmission-line model

longer and narrow top plate. The volumetric antennas we have studied have
a length-width (LjW) ratio of approximately 2. For the SCS antennas con
sidered here the length-width (LjW) is in the order of 5. Fig. 4.2 shows the
volumetric model applied to the SCS antenna.

conducting strip

short circuit

t
ground plane

(a)

L1 L2
II II If II

y. x, 1 y, Y,

Y,n Y.

r
(b)

Fig. 4.2: (a) Diagram of a SCS antenna and (b) corresponding transmission
line model.

As in chapter 3, the model consists of two transmission-line sections. One
side of the transmission-line is terminated by the self-admittance Y:s, which
models the open end of the antenna. The other side of the transmission
line represents the short-circuited part of the antenna. The transmission-line
parameters Zc (characteristic impedance) and 'Y (propagation constant) were
already discussed in the chapters 2 and 3 of this thesis.

In order to obtain good input ilnpedance llIOdelling, modification to our
model is necessary. In the antennas considered here, the inner conductor of the
probes is very close to the short-circuit strip. This means that the probe and
the short-circuit strip may be treated as an transmission-line. Furthermore,
the antennas are relative high, which makes the inner probe and circuit strip
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relative long. Fig. 4.3 gives an illustration of our model when its modified with
a transmission-line section representing the inner conductor and the short
circuit strip.

conducting strip

short circuit

Fig. 4.3:

i
ground plane

(a)

L1 L2
If '1 If JI

h1
y, Y, y, Y,

Arobe r ZCprObe Y,

1
Y~

(b)

(a) An example of a SCS antenna, (b) Transmission-line
model for probe inner conductor and short-circuit strip.

It is assumed that the probe inner conductor and the short-circuit strip in
Fig. 4.3 form a lossless transmission-line. The propagation constant is therefore
computed as,

{3pTobe = wJTii. (4.1)

where f1 represents the permeability and E is the permittivity. The character
istic impedance is chosen as,

ZCprobe = 80 n.
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4.2 A modified transmission-line model

Eq.(4.2) was found through trials when the model was compared with results
from measurements. A final modification is done to add a coax line to the
model. This model is shown in Fig. 4.4.

L1 L2
If .1 It '1

hI y, Y, y, Y,

ArObe I ZCprObe Y,

Y;ntol

Fig. 4.4: Transmission-line model with coax probe L eoax .

The parameters for the coax line are modelled as,

f3eoax = wJfJE

and

Zecoax = 50n.
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4.3 A modified transmission-line model using
equivalent LC-circuits

The model given in Fig. 4.4 shows two transmission-lines interconnected with
each other. Because of this, we cannot use the standard transmission-line
formulas to compute the input impedance. Therefore, it is easier to replace
the transmission-lines with equivalent LC-circuits. Here, is the equivalent LC
circuit an electrical circuit which consists of a inductance L and capacitance
C and is used to represent a transmission-line section.

The next steps show how the inductance L and capacitance C are deter
mined from the transmission-line parameters. Fig. 4.5 shows a transmission
line section of length Lt with its corresponding equivalent LC-circuit. The
transmission-line is further characterized by the phase constant (3t and charac
teristic impedance Zct. The subscript t is used to denote all the transmission
line parameters.

(a) (b)

Fig. 4.5: (a) Transmission-line of length L t and (b) corresponding LC-circuit.

The inductance L and capacitance C can be written in terms of the transmission
line parameters f3t, Zct and Lt. For this, we use two equations which contains
both L, C and the parameters (3t, Zct and Lt. One equation is found by short
circuiting the transmission-line in Fig. 4.5. The other equation is found using
the open-circuited transmission-line.

Fig. 4.6 shows the short-circuited transmission-line and its corresponding
equivalent LC-circuit. The input impedance Zab in Fig. 4.6(a) is written as,

(4.6)
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4.3 A modified transmission-line model using equivalent LC-ciTcuits

The input impedance Zab in Fig. 4.6(b) is written as,

1
Zab = jwL + jwC + 1/ jwC (4.7)

(a) (b)

Fig. 4.6: (a) Short-circuited transmission-line of length L t and (b) correspond
ing LC-circuit.

Since the transmission-line in Fig. 4.6(a) is equivalent to the circuit in Fig. 4.6(b)
we can write that,

1
jwL+ = Zctjtan((Jtl).

jwC + l/jwC
(4.8)

This is the first equation needed to compute the inductance L and capacitance
C. For the second equation we consider the open-circuited transmission-line,
see Fig. 4.7.

Lt L L
I' '1

a~a l)---------j 1---0

\3t, Zet

b. Ie
0b l)---------j 1----0

(a) (b)

Fig. 4.7: (a) Open-circuited transmission-line of length L t and (b) correspond
ing LC-circuit.

The impedance seen at the input of the open-circuited transmission-line is,

(4.9)
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The impedance seen at the input of the equivalent LC-circuit is,

Zab = jwL + 1/ jwC. (4.10)

Because Eq. 4.9 and Eq. 4.10 are equivalent we can write down the equality,

(4.11)

Using Eq.(4.8) and Eq.(4.11) we can write the inductance L and capacitance
C in terms of the transmission-line parameters (3t, ZCt and Lt as,

L

C

- (wZCt cot ((3tLt) + JW2Z~t csc [((3t Lt)2]) /w2

1/ (wZCt 2 [Csc((3t Lt)]2)

(4.12)

(4.13)

The final step in this section is to replace the two interconnected transmission
lines with an equivalent LC-circuit. Here, we have replaced the short-circuited
section with the inductance Ll and capacitance Cl. Whereas the inner probe
section is replaced with an LC-circuit consisting of L2 and C2. Here is Ll, L2,
Cl and C2 computed as,

Ll

Cl

L2

C2

- (WZCL1 cot((3L1 L1) + J w2Z~Ll csc [((3£1L1)2]) /w2

1/ (wZCLJ
2 [CSC((3L1LL1W)

- (wZCh cot((3hh) + Jr-W-2Z-~-h-cs-c-[(-(3h-h-)-2]) /w2

1/ (wZCh 2 [csc((3hh)]2)

(4.14)

(4.15)

(4.16)

(4.17)

Finally, we show in Fig. 4.8 the complete model of the SCS antenna using the
LC-circuits.
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L1 L2
I. >1 I' >1

hI y, Yc y, Yc

ArObe , ZCprObe Ys

1
(a)

C2
r----_---t11f--__-----,

II

Ll Ll

l
1

(b)

I' >1

I

Fig. 4.8: (a) open-circuited transmission-line oflength Lt and (b) corresponding
LC-circuit.
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4.4 Conlparison with measurements

To verify the performance of the present model, return loss measurements were
performed on several SCS antennas. For all the measurements an Hewlett
Packard vector network analyzer was used. Fig. 4.9 shows the measurement
equipment. The frequency range is setup from 0.5 GHz to 3 GHz. Calibra-

Fig. 4.9: Network analyzer

tion was done for the 3.5 mm connectors. The antenna was placed on the
measurement table which is 1 m above ground. It should be pointed out that
during the measurements a metal plate is placed below the ground plane of the
antenna. This is done to make the ground plane larger. The model assumes
an infinite ground surface and thus there is a better agreement between model
and experiment with larger ground. This seems to have an important effect on
the measurements results. The measurements were carried out on three SCS
antennas. Fig. 4.10, Fig. 4.11 and Fig. 4.12 show model results compared with
measurements. The dimensions of the antennas are given in table 4.1.

SCSOG8
SCS1G5
SCS1G8

L1
2.7 mm
2.2 mm
2.2 mm

L2
74.3 mm
40.3 mm
33.3 mm

w
4mm

4.3 mm
2.3 mm

h
20 mm
9mm
9mm

Table 4.1: Dimension of the measured SCS antennas
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Fig. 4.10: (a) Return loss and (b) input impedance for the SCSOG8 antenna.
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Fig. 4.11: (a) Return loss and (b) input impedance for the SCSIG5 antenna.
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Fig. 4.12: (a) Return loss and (b) input impedance for the SCS1G8 antenna.
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Chapter 5

Thansmission-line model for the
PIFA

5.1 Introduction

In this chapter a transmission-line model for the Planar Inverted F-Antenna
(PIFA) is developed. The model consists of two transmission-line sections
which are connected in parallel. The transmission-line parameters were com
puted with the well-known asymmetrical coplanar strips model [4]. It will be
shown, however, that this coplanar model can not be used without adaptation.

The transmission-line model is used to estimate the input impedance of
the PIFA antenna. Input impedance measurements were done in the antenna
laboratory at the Eindhoven University of Technology (TU Ie). At the end of
the chapter, input impedance results from the model are compared with these
measurements.

5.2 Modelling approach

PIFA antennas are printed circuit type antennas. They consist of narrow thin
strips printed on a homogeneous dielectric substrate. The strips with the
lengths L1 and L2 give the length of the antenna. The total length of the
antenna L=L1+L2 , is about a quarter of a wavelength A. Fig. 5.1(a) shows a
photograph of the PIFA antenna.

A feeding microstripline is used to provide electrical power to the antenna.
The feeding microstripline, the strips L1 and L2 are electromagnetically coupled
to a ground plane. Fig. 5.1(b) shows the ground plane on the back of the
antenna.
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(a)

(b)

Fig. 5.1: Photograph of a PIFA antenna (a) Upper side VIew and
(b) Lower side view
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5.2 Modelling approach

The first transmission-line model of the PIFA antenna is the short-circuit
model. The antenna can here be represented by two finite-length transmission
lines connected in parallel and characterized by the propagation constant {3
and the characteristic impedance Zo as shown in Fig. 5.2. In this model it is
assumed that the short-circuit of the PIFA is an ideal short-circuit. Fig. 5.3
shows a second model where the short-circuit is modelled as an equivalent LC
circuit.

~I

Fig. 5.2: A transmission-line model of a PIFA using an ideal short-circuit.

L1 L2
I- ~ I I- ~I

hI
~, Zo ~, Zo

~, Zo YL = Grad + Brad

Fig. 5.3: A transmission-line model of a PIFA antenna.

In both models, the admittance load YL located at the end ofthe PIFA antenna
consists of a real and an imaginary part. The real part Grad of the impedance
load is used to represent the radiation loss of the antenna. The imaginary part
Brad is the end-effect susceptance which is used to characterize the end-effect
of the antenna. In view of the transmission-line model considered in this thesis
we are interested in the line parameters {3 , Zo, Grad and Brad, Each of these
parameters will be treated separately.
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5.3 Asymmetrical coupled and coplanar strips

The strips L1 and L2 in Fig. 5.4(a) are electromagnetically coupled to the
ground plane. In the cross-section view of the PIFA, the strips and the ground
plane form a coupled strip structure separated by the dielectric material with
thickness h. The cross-section of the PIFA is shown in Fig. 5.4(b). The strips
with widths Wl and W2 are separated by a distance s. An offset s + Wl~W2 is
defined between the centers of the strips in the transverse cross-section.

To model the coupled strips structure of the PIFA as a transmission-line,
we first try to use the well-known asymmetric coplanar model. The idea here
is that if the thickness of the dielectric material h is small, then the coupled
strips will behave as the asymmetric coplanar strips. Fig. 5.4(c) shows the
cross-section of the asymmetric coplanar strip structure.

-I w,
5

(a)

W2 I.. 5
~I

hII£,

W1

(b)
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5.3 Asymmetrical coupled and coplanar strips

5

(c)

~I

Fig. 5.4: (a) Top view of PIFA showing strips L1 and L2 , (b) Transverse cross
section of the PIFA forming asymmetric coupled strips and (c) Trans
verse cross-section of the asymmetric coplanar strips.

For the asymmetrical coplanar structure exists well-known formulas that de
scribe its transmission-line properties. The exact formulas for those parameters
have been expressed in terms of elliptic functions. The effective dielectric con
stant teff is given by [4],

_ 1 (tr -1)K(k1 )K(k)
teff - + 2K(kDK(k') , (5.1)

where K (k) is the complete elliptic integral of the first kind. The arguments
k and k 1 are dependent on the geometry as,

k
1

(5.2)1-
(1 + s/wl)(1 + S/W2) ,

and

k 1

(t 1 -t2)(t3 -t2 )
(5.3)

(t 1 + t2)(t3 + t2)'

where

ti
exp( Ai) - 1

for i = 1,2,3 (5.4)
exp(Ai) + 1

Al ~ [2W 1 ~] (5.5)2 h + h '

A2
JrS

(5.6)
2h'

A3 ~ [
2W

2 ~] (5.7)2 h + h .

(5.8)
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The complementary arguments k' and k~ are given by,

k' (5.9)

and

k'1 (5.10)

The characteristic impedance Zo is given by,

7]0 K(k)
2y!Eeff K(k') .

Using Eq. 5.1 we now can express the propagation constant {3 as,

(5.11)

{3 (5.12)
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5.4 Comparison between asymmetrical coupled
and coplanar strips

A major concern in our transmission-line model are the parameters Eeff, (3 and
Zo of the coupled strips structure used in the PIFA. As said before, the idea is
to simply use the line parameters of the asymmetrical coplanar strips for the
coupled strips structures. The line parameters of the asymmetrical coplanar
strips are found in Eqs. 5.1- 5.12.

A comparison between the asymmetrical coupled and the coplanar struc
tures has been done. The coupled strips structure is simulated in the Ansoft
HFSS software package and the asymmetrical coplanar structure is analyzed
in the Matlab platform.

Fig. 5.5(a) shows the effective permittivity Eeff for both the coupled and
the coplanar structures. The solid line represents the simulated asymmetrical
coupled strips and the dashed line corresponds to the asymmetrical coplanar
strips. It must be mentioned that the simulated Eeff does not change with
the port size in HFSS. This make this parameter a very reliable and accurate
quantity for comparing the two structures.

From Fig. 5.5(a) it is obvious that there is a significant difference between
the coupled strips and the coplanar strips. We must conclude that Eq. 5.1
does not perform satisfactory for this configuration and frequency range.

From Fig. 5.5(b) can be concluded that the propagation constants (3 of
the two structures do not agree. The last parameter which was studied is
the characteristic impedance ZOo Again there is a large different between the
coupled strips and the coplanar strips, see Fig. 5.5(c).

Because the results presented above are not acceptable, it was necessary to
correct the transmission-line model for the asymmetrical coplanar structure.

If the asymmetrical coplanar structure is viewed as a transmission-line, the
capacitance per unit length Casym of the line is given by,

Casym (5.13)

and the inductance per unit length L asym is given by,

L asym =
K(k)

/-La 2K(k' )'
(5.14)

Fig. 5.6 shows the transmission-line circuit with the corresponding capacitance
and inductance components per unit length.
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5.4 Comparison between asymmetrical coupled and coplanar strips

250,-----------,-------.------.------..,-------------,
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- - -Asym. coplanar strips(Matlab)
-Coupled strips(HFSS)
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(c)

2.5

Fig. 5.5: (a) The effective permittivity teff, (b) the characteristic impedance
Zo and (c) the characteristic impedance Zo for the asymmetrical
coupled and coplanar strips.

An approximate correction of the model is obtained by adding a shunt
capacitance CCOTT to the capacitance contribution between the strip and the
ground plane. This is because in the coupled strips structure the strip, is
strongly coupled to the ground plane, while in the coplanar structure the cou
pling is weaker. The corrected LC-circuit model with the shunt capacitance
CCOTT is shown in Fig. 5.7.
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Lasym

Casym

Fig. 5.6: LC-circuit for the asymmetrical coplanar strips.

Lasym

Fig. 5.7: Corrected LC-circuit for the coupled strips.

5.5 Correction capacitor Ccorr

In this section the steps necessary to compute the correction capacitor are
shown. The correction capacitance per unit length is computed as a parallel
plate capacitor such that,

Ceorr
Wean

crco-d-'
can

(5.15)

where Cr is the permittivity of the dielectric, Weon is the mean width of the
plates W eanl and W ean2 and deon is the distance between the plates W eonl and
W eon2 as shown in Fig. 5.8. WI and W2 represent the width of the strip and the
ground plane respectively; h represents the dielectric thickness.
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5.5 Correction capacitor ecorr

A Wz B

Fig. 5.8: Cross-section of a coupled strip structure.

In Fig. 5.9 is an enlarged picture of the strip W2 shown.

A

Fig. 5.9: An enlarged picture of strip W2 .

The triangle formed by the points BB'e' has an internal angle B' such that,

LB'
h

arctan ,
wd2 + w2/2 + s

(5.16)

and the angle B is computed as,

LB 900
- LB' (5.17)

(5.18)

If the angle A is an internal angle of the 6.AGD as shown in Fig. 5.10, then
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A W2 s G

~.~;I---j
D

Fig. 5.10: Cross-section coupled strip

the following equation must be valid,

F

and the angle C is,

LA

LC

h
arctan ,

W2 +5

180a
- LA - LB.

(5.19)

(5.20)

(5.21)

The next important step is to compute Weanl . It is easy to see that for Weanl

we can write,

Weanl
W2 .

---smLA.
sin LC

(5.22)

Thus Eq. 5.22 gives the width Weanl of the first plate of the correction capac
itor. Below we computed the width of the second plate Wean2 using similar
steps as before. Thus for Wean2 we write,

Wean2
WI . F---smL

sin LE
(5.23)

Now we have calculated the width Wean2 of the second plate of the correction
capacitance.

The final step is to compute the distance dean between the plates. We start by
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5.6 Results correction capacitor

computing the side length Sl in the 6 BB'C' using the trigonometric property,

D

W2 ,
-cos i-B
2

D'

(5.24)

(5.25)

F

Fig. 5.11: Cross-section coupled strip

Using the cosine property we write that,

S2
WI ,
TCOS i-D (5.26)

If we define the total distance Stat between strip and ground plane as the dis
tance beween the middle of the strip to the middle of the ground plane, Stat =
Jh2+ (s + wd2 + W2/2)2 then we can write,

Scan Stat - Sl - S2· (5.27)

5.6 Results correction capacitor

This section shows results for the transmission-line parameters when the cor
rection capacitor CC01'T is used. If the same structure as in section 5.4 is consid
ered, then the effective permittivity Eeff is corrected as shown in Fig. 5.12(a).

Fig. 5.12(b) shows the corrected propagation constant {3. The solid line
represents the simulated values and the dot-dashed line corresponds the cal
culated values. Both graphs show a good match between the calculated and
the simulated values. For the structure considered here, the error in the
computed Eeff is less than 1.2%. The capacitance without correction Casym is
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Fig. 5.12: (a) The effective permittivity fefj, (b) the characteristic impedance
Zo and (c) the characteristic impedance Zo for the corrected
model.

16.18 p,F jm, whereas the shunt correction capacitance CCOTT is 2.82 p,F jm.
Fig. 5.12(c) shows the corrected values for the characteristic impedance ZOo
The corrected values do not match with the simulated value. This is because
the simulated characteristic impedance values depend strongly on the chosen
port size in HFSS. Thus the quantity Zo obtained with HFSS is not reliable.
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5.7 The end-effect susceptance Brad

This section discusses the calculation of the end-effect susceptance Brad which
appears in the model in Fig. 5.4(b). The susceptance Brad is associated with
the end-effect capacitor which originates by the abrupt ending of the coupled
strip structure. It can also be seen as an equivalent load to represent the end
effect at the egde of the PIFA, see Fig. 5.13.

Brad

end effect

Fig. 5.13: End-effect shown in top-view of PIFA antenna

Similar to model of the microstrip antenna, we can express Brad as,

Brad = ~tan(,6Lll). (5.28)

where Yc represents the characteristic admittance, ,6 is the propagation con
stant and Lll represents the length of the fringing field associated with the end
effect. Eq. 5.28 can be derived from the ideal condition for a transmission-line
with length Lll. For the PIFA antenna, however, the length of the fringing
field Lll is unknown. Therefore, the end-effect susceptance Brad cannot be
computed in this manner.

Another method is used to compute the susceptance Brad, In order to com
pute the susceptance Brad we first have to compute the end-effect inductor L'.
In the work of Getsinger [19, pp. 668] it is showed that the end-effect inductor
L' of a finite length abruptly ended two wire can be considered to be localized
at the of the wire line (see Fig. 5.14)
In the inductive model of the two wire line it was shown that the end-effect
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5.7 The end-effect susceptance Broad

Fig. 5.14: Two round conductors with end-effect inductance

inductor £' for a single wire is given by,

£' = -(fJ)4lr)G, (5.29)

where G is the distance between the wires. In addition to that, Getsinger
showed that in vacuum the corresponding end-effect capacitor is found by,

C' = -2£' /(Z;), (5.30)

where Zo is the characteristic impedance of the transmission-line. To obtain
the end-effect susceptance Brad itself we then write,

Brad = wC'. (5.31)

As we want to use this method for the coupled strips configuration some adap
tation is necessary. Since Eq. 5.30 holds for any homogeneous dielectric we
can state that the end-effect capacitor C' for the coupled strips is,

(5.32)

Here represents f e the effective dielectric constant of the coupled strips struc
ture. Similarly to the microstrip, the end-effect capacitor for the coupled strips
is found by requiring that,

(5.33)
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where E~ is called the end-effect effective dielectric constant for the coupled
strips. This is consistent with definition found in Getsinger's paper [19].

The difficulty in this method is to find the end-effect effective dielectric
constant E~ for the coupled strip configurations. Below we show that E~ can be
found by a trial and error method using a number of configurations. Curves for
Eq. 5.31 were computed and compared with computer data obtained from An
soft HFSS software. After some adjustments, the end-effect effective dielectric
constant was found to be E~ = 2.

Fig. 5.15(a) and Fig. 5.15(b) show results for a configuration A with
ground plane WI = 10 mm, strip W2 = 1.2 mm, separation s = 2 mm and
dielectric substrate Er = 4.9. Brad was computed with the Getsinger's formula
using E~=2.0. The relative error Err of Brad is defined as,

B B HFSS
rad - rad . 100

Err = BHFSS .
Tad

(5.34)

Fig. 5.16(a) and Fig. 5.16(b) show results for a configuration B with ground
plane WI = 10 mm, strip W2 = 1.2 mm, separation s = 7.5 mm and dielectric
substrate Er =4.9. The end-effect effective dielectric constant is E~ = 2.12.

Finally, Fig. 5.17(a) and Fig. 5.17(b) show results for a configuration C
with ground plane WI = 10 mm, strip W2 = 1.2 mm, separation s = 3 mm,
dielectric constant Er = 4.9 and end-effect effective dielectric constant E~ = 2.2.

1.2X 10-
3

- - - Brad obtained from Getsinger formula

-Brad obtained from HFSS
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Fig. 5.15: (a) End susceptance Brad and (b) Error Err in the end susceptance
for the coupled strips configuration A.
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Fig. 5.16: (a) End susceptance Bmd and (b) Error Err in the end susceptance
for the coupled strips configuration B.
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Fig. 5.17: (a) End susceptance Brad and (b) Error Err in the end susceptance
for the coupled strips configuration C.
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5.8 The radiation admittance Grad

In this section, it is shown that the radiation admittance Grad can be com
puted by modelling the open-end of the PIFA as an open-circuited two-wire
transmission-line. In section 5.3, it was shown that the strip W2 and the ground
plane WI at the egde of the antenna, formed an asymmetrical coupled strips
structure. When viewed from the top, the asymmetrical coupled strips are
separated by an offset distance d = s + (WI + W2)/2 as shown in Fig. 5.18(a).

It is now assumed that the asymmetrical coupled strips can be replaced
with an equivalent symmetrical coupled strips structure with two identical
strips W = (WI + W2)/2 and an offset distance d = s + w, see Fig. 5.18(b). If
the equivalent symmetrical coupled strips structure is modelled as an open
circuited two-wire transmission-line with radius,

a = w/2

and center-to-center spacing,

d=s+w

then the radiation conductance Grad is computed as in Green [20],

(kd)4(bl/d)2

12Zo(7f Zo/17)

where,

(5.35)

(5.36)

(5.37)

bl 1
(5.38)-

d ---,-3.954 + J(2.564 arccosh 2
da)2 + (3.954)2

17 JJ-lo/(EoEejj) (5.39)

Zo
17 d (5.40)- . ar'ccosh -
7f 2a

k 27f / >... (5.41)
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Fig. 5.18: (a) Top view of the open-end PIFA showing asymmetrical coupled
strips structure, (b) Top view of the open-end PIFA replaced
with an equivalent symmetrical coupled strips and (c) Open-end
PIFA modelled as an open-circuited two-wire transmission-line.
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Using measurement input impedance data and comparing these with our
own model we can compute the radiation admittance Grad of the PIFA an
tenna. The radiation conductance using the Green method is also depicted in
Fig. 5.19. For the PIFA in Fig. 5.19 the following dimensions have been used:
WI = 14 mm, W2 = 1.2 mm, s = 2 mm. The computed Grad was obtained from
Eq. 5.37 with a = 19°5° . w/2. The factor 1~50 is used to obtain good match.

X 10-3

,p-:-:----,--r---r==;::=c====;=~;===:='C':==:::=====:==;c;=====:==:=7:~===]l
- Real part of radiation admittance G red computed from measurements vA 107

__ _Radiation admittance Grad computed with Green formula and correction factor 100/95

... ,.. Radiation admittance Grad computed with Green formula without correction factor

0.'

0.7

os

c
=.. 0.5
~

0.4

0,:-----::,.':-,-------::,':-.,-------::,':-,-------:,':-.4-------:'':-.5-------:,':-.• -------:'':-.7-------:,:':-.-------:':':-.9--,
f (Hz) I( 10~

Fig. 5.19: Grad from measurements and G Tad using Green formula (Eq. 5.37)

5.9 Comparison with measurement

Return loss measurements were done in the antenna laboratory at the Eind
hoven University of Technology (TUIe). During the measurement the antenna
is placed on a microwave absorbing material to minimize the effect of the mea
surement table. The measure were done on frequency range of 0.5 to 3 GHz.
Fig. 5.20 and 5.21 show typical results for two antennas. For the PIFA aV
107, the following dimensions and properties were used L1 = 6.8 mm, L2 = 17
mmm, SI = 7 mm, S2 = 4 mm, WI = 14 mm, W2= 1.2 mm and Er = 4.9. A
factor 19°5° was used in Eq. 5.35. In general good match is obtained.

For the PIFA aV 120, the dimensions and properties are, L1 = 6.5 mill, L2
= 15 mmm, SI = S2 = 8 mm, WI = 10 mm, W2= 1.2 mm and Er =4.9. A factor
1~00 was used in Eq. 5.35 in order to obtain good. This probably due to fact
that the spacing S2 between strip L2 and ground plane is large.
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Fig. 5.20: (a) Return loss and (b) input impedance for the PIFA aV 107.
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Fig. 5.21: (a) Return loss and (b) input impedance for the PIFA aV 120.
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Chapter 6

Conclusions and
recommendations

6 .1 Conclusions

In this thesis, a transmission-line model for the Planar Inverted F-Antenna
(PIFA) was developed. The PIFA is a printed circuit type antenna which is
often used on the main Printed Circuit Board (PCB) of mobile phones, WLAN
and Bluetooth. The PIFA is made 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 L, is
about a quarter of the wavelength ,\/4.

Before actually developing the model for the PIFA, several other antennas
and models were first studied with the purpose of extending the models to
PIFA antenna. The rectangular microstrip antenna was studied using the
transmission-line model proposed by van de Capelle and Pues. It has been
demonstrated that the present model was correctly implemented.

The model of the rectangular microstrip antenna was subsequently used
and modified for the volumetric PIFA. The so-obtained model was verified
and further used for the 8C8 antenna. A part of the 8C8 model, namely the
short-circuit, was further used and modified for the transmission-line model of
the PIFA.

Finally, a new transmission-line model for the PIFA was developed. The
antenna was modelled as two finite-length transmission-lines, characterized by
the propagation constant (3 and the characteristic impedance Zo, while the
antenna short-circuit was modelled using an equivalent LC-circuit.

The computation of the transmission-line parameters for the asymmetric
coplanar strips was an important issue in this model, since the strips and
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the ground plane of the PIFA are electromagnetically coupled to each other
such that an asymmetric coupled strips structure is formed. The model for
the asymmetrical coupled strip is not well documented, so we have started
by using a well-known model for the coplanar strips. However, a comparison
between the parameters obtained from the coupled strips simulation and the
parameters computed with the coplanar model, showed that the parameters
do not correspond well for the particular configuration and frequency range.

The coplanar model was then modified by introduction of a correction
of the transmission-line parameters by adding a shunt capacitance Ccorr to
the equivalent LC-circuit of the asymmetrical coplanar strips. Comparison
between the modified model and EM simulation, showed that the Ilew model
agree well with simulation values.

For the model of the PIFA, the calculation of the susceptance Brad and the
radiation admittance Grad, associated with the end-effect and the radiation
power respectively, was a challenge. In order to compute the susceptance Brad,

the end-effect inductor, which is basically determined by the distance between
the wires, had to be computed.

The radiation admittance Grad can be computed by replacing the asym
metrical coupled strips structure with an equivalent two-wire structure.

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.

6.2 Recommendations

The following recommendations are made regarding follow-up research on the
transmission-line modelling ofthe antenna. More accurate results can probably
be obtained by improving the susceptance Brad associated with the open-end
of the PIFA. It is recommended to computed the susceptance Brad as in the
microstrip antenna, using an empirically determined stray field length lll. The
radiation admittance Grad for PIFA can be improved by better modelling of
the asymmetrical coupled strips structures.

Although dielectric and conducting losses are neglected in the present
model, it is desirable to include them for a better matching between mea
surement and model.
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