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Abstract

We are in an industry where everything changes very quickly, and if we focus on the
design of antennas we see that increasingly we are looking for smaller dimensions with
better features.

In this issue we can highlight the antennas with microstrip design that are becoming more
and more popular in sectors such as mobile phones, satellite, or more recently as object
recognition. Among the advantages of this type of antenna we can emphasize the low
cost, small size, low profile, easy to manufacture and easy to implement, among its
disadvantages are narrow bandwidth or low gain.

The purpose of this project is design and analysis an array of Patch antenna at 2.45 GHz
with circular polarization. We obtain the circular polarization with a single source and
upsetting the structure of the patches. This antenna will be part of a system of radio
frequency identification (RFID), technology that allows communication over short
distances and identify objects bearing an RFID tag.
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Resum

Ens trobem en un sector on tot avanca de manera molt accelerada, i si ens fixem en el
disseny d’antenes, veiem que cada vegada més es busca menors dimensions amb
millors caracteristiques.

En aquest tema podem destacar les antenes amb disseny microstrip que s’estan
convertint en més i més populars en sectors com la telefonia mobil, satél-lits, o ara més
recentment en reconeixement d’objectes. Entre les avantatges d’aquest tipus d’antena
podem destacar el baix cost, grandaria reduida, baix perfil, facil fabricacio i facil
implementacid, entre les seves desavantatges trobem un ample de banda estret o un
baix guany.

El proposit d’aquest projecte és dissenyar i analitzar una antena en agrupacié d’elements
a la freqiiéncia 2.45GHz amb polaritzacié circular. La polaritzacié circular la obtindrem
amb una Uunica alimentacié i pertorbant I'estructura del conductor. Aquesta antena
formara part d'un sistema d’identificacid per radiofreqiéncia (RFID), tecnologia que
permet comunicacions a distancies petites i identificar objectes que portes etiquetes
RFID.
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Resumen

Nos encontramos en un sector en el que todo avanza de manera muy acelerada, y si nos
centramos en el disefio de antenas, vemos que cada vez mas se busca menores
dimensiones con mejores caracteristicas.

En este tema podemos destacar las antenas con disefio microstrip que se estan
convirtiendo en mas y mas populares en sectores como la telefonia movil, satélites, o ya
mas recientemente en reconocimiento de objetos. Entre las ventajas de este tipo de
antenas podemos destacar el bajo coste, tamafio reducido, bajo perfil, facil de fabricar y
facil de implementar, entre sus desventajas encontramos ancho de banda estrecho o
baja ganancia.

El propésito de este proyecto es disefiar y analizar una antena en agrupacién de
elementos a la frecuencia 2.45GHz con polarizacién circular. La polarizacién circular la
obtendremos con una Unica alimentacién y perturbando la estructura de los parches.
Esta antena formara parte de un sistema de identificacion por radiofrecuencia (RFID),
tecnologia que permite comunicaciones en distancias pequefias e identificar objetos que
llevan una etiqueta RFID.
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Ifyou ever find yourself

Stuck in the middle of the sea

I'll sail the world to find you
Ifyou ever find yourself

Lost in the dark and you can't see
I'll be the light to guide you

Find out what we're made of
When we are called to help our friends in need

You can count on me like one, two, three

I'll be there

And I know when I need it

I can count on you like four, three, two

You'll be there

Because that's what friends are supposed to do, oh yeah

Bruno Mars — Count on me
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1. Introduction

The objective of this project is fabrication a one antenna with circular polarization using
the microstrip technologies at 2.45 GHz with the objective that it will be part of the RFID
system that is a wireless technology used for tracking a tag attached to an object and
uniquely identifying it.

This type of antenna is very popular now, because it's economic, easy production, low
weight and reduced dimensions. The circular polarization is important in our design
because regardless of receiver orientation, it will always receive a component of this
signal. To obtain circular polarization we have two principal options, the first option is feed
the patch with two perpendicular feeds. The second option is truncate the structure of the
patch; that usually the complete systems can be smaller than the first option.

To be part of an RFID system | decided that our antenna will must has a gain around
10dBi, good reflection coefficient (S;1) and of course circular polarization. For this reason,
I need know the important parameters and typical values of the microstrips technologies
and then, how it's possible make an antenna with microstrip elements. In the next table
we can see the objective of the different principal values that | must obtain.

Parameter Value
Frequency 2.45 GHz
Gain 10 dBi
Polarization Circular
Range 1 - 3 meters
Reflection coefficient <-10dB at 2.45GHz

Table 1.1: Values of parameters

For design an antenna | was using the FEKO software, FEKO is an electromagnetic
simulation software tool for the electromagnetic field analysis of 3D structures. Which
FEKO we can obtain different parameters of our design, for example: radiation pattern,
reflection coefficient, axial ratio, electrical field, ...

12
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1.1. Work Packages, Tasks and Milestones

D)

In this section we can see the breakdown of the different step of this project with the
description of the important parts and the time that | have been dedicated to each one.

Project: Research Microstrip information

WP ref: 01

Major constituent: Documentation

Sheet 01 of 05

Short description:

Research and understand information related to

antennas polarization, arrays and microstrip.

Planned start date: 14/09/2015
Planned end date: 05/10/2015

Start event: 16/09/2015
End event: 19/10/2015

Internal task T1: Search information about antennas Deliverables: Dates:
Internal task T2: Search information about antenna Proposal

polarization & 05/10/2015
Internal task T3: Search information about antenna Workplan

array

Internal task T4: Search information about microstrip

antenna.

Project: Design array microstrip WP ref: 02

Major constituent: FEKO software

Sheet 02 of 05

Short description:

Design a microstrip antenna array with circular
polarization with FEKO software.

Planned start date: 13/10/2015
Planned end date: 31/11/2015

Start event: 19/10/2015
End event: 27/12/2015

Internal task T1: Know the tools of the software FEKO
Internal task T2: Desgin a microstrip

Internal task T3: Simulation the microstrip

Internal task T4: Design a microstrip array

Internal task T5: Simulation the microstrip array

Deliverables: Dates:

13
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D)

Project: Construct the optimization microstrip array.

WP ref: 03

Major constituent: Fabrication

Sheet 03 of 05

Short description:

Construct the microstrip antenna array with circular
polarization that | found in FEKO software.

Planned start date: 10/12/2015
Planned end date: 28/12/2015

Start event; 28/12/2015
End event: 18/01/2016

Internal task T1: Determine if the simulation is | Deliverables: Dates:
physically possible.
Project: Evaluation the antenna WP ref: 04

Major constituent: Test

Sheet 04 of 05

Short description:

Evaluate the correct behavior of the microstrip antenna
patch

Planned start date: 14/12/2015
Planned end date: 17/01/2016

Start event: 18/01/2016
End event: 23/01/2016

Internal task T1: Tests the antenna in the laboratory

Dates:
01/12/2015

Deliverables:

Project Critical
Review

14
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D)

Project: Project documentation

WP ref: 05

Major constituent: Documentation

Sheet 05 of 05

Short description:

Perform a document that containing all information

related to the project.

Planned start date; 18/01/2016
Planned end date: 25/01/2016

Start event; 27/12/2015
End event: 25/01/2016

Internal task T1: Write a Final Report

Internal task T2: Explain the information that is in the

final project.

Deliverables:

Final Report

Dates:
25/01/2015

1.1.1. Milestones

Table 1.2: Five work packages

WP# Task# | Short title Milestone / Date (week)
deliverable
01 01 Antenna information 1/2/3
01 02 Polarization 4/5
information
01 03 Array information 6/7
01 04 Microstrip 79
information
02 01 FEKO software 10/11
02 02 Microstrip Simulation at 12/13/14/15
2.45GHz
02 03 Microstrip Array Simulation at 16/17/18
2.45GHz
03 01 Fabrication the Microstrip antenna 19/20
microstrip array with circular
polarization
04 01 Test the design 20/21
05 01 Write Final Report Final Report 19/20/21
05 02 Oral presentation Exposition 22

Table 1.3: Milestones

15
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2. State of the art of the technology used or applied in this

thesis

In this section, | will expose all the concepts and formulas that it will be necessary for this
project. First the concept of microstrip line and then how we can make a microstrips
antenna with different variants of the design, finally the concept of S parameters.

2.1. Microstrip

[1] Microstrip is a planar transmission line, similar to stripline, but microstrips do not have
a substrate in the top. The structure of microstrip transmission line consists of a copper
trace separated from a ground plane by an insulating substrate.

Figure 2.1: Structure of microstrip line

[2] The dimension of the complete microstrip can be determine with width of the line (W),
thickness of the line (T) and thickness of the dielectric (H). [3] In this type of structure we
don’t have a TEM mode, because the electric field is small in left and right of the upper
conductor (fringing effect) but not depreciable, for this reason we call them quasi-TEM in
which the fields are assumed to be approximately TEM and the effect of the deviation
from TEM is taken into account by empirical formulas for the line impedance and velocity
factor. If we denote by Ereff the relative permittivity of the effective dielectric, the
wavelength and velocity factor of the line will be given in terms of their free-space values
Ao, Co:

A C
1=—2 c=—2 2.1)

JEreff JEreff

And for effective dielectric constant, we use the Hammerstad and Jensen’s formulation
that is the most accurate:

—ab
w
with u=— and €&r=— (2:2)
h €o

&r+1 €&r-1 10
Ereff = > + > (1 )

Er is the relativity permittivity. We define a and b, by:

4 U2
1 |[v*+ &) 1 U \3 (2.3)
=1+4+-=1 1 [1+ — ] :
a=1+m 043z T187 ™ (18.1)

&r — 0.9)0-053

= 0.564 (—n-
b =056 (8r+3

17
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The accuracy of these formulas is better than 0.01% for u < 1 and 0.03% for u < 1000.
Similarly, the characteristic impedance is given by the empirical formula:

f( ) +— where 1y = )
2n,/€ref u? €o

And the function f(u) is defined by:

30.666\%7>%8
=N

f(w) =6+ (2w —6)exp [—(
The accuracy is better than 0.2% for 0.1 < u <100 and €r < 128.

2.2. Microstrip antenna

[6][11][12] The microstrip antenna was first proposed in 1953 by G.A. Deschamps, but
didn't become practical until the 1970s when it was developed further by researchers
such as Robert E. Munsona, J. Q. Howell and others using low-loss soft substrate
materials that were just becoming available. The size of a microstrip antenna is inversely
proportional to its frequency, for this reason it's become more popular in the recent years
because the frequencies are higher now. Microstrip antenna is becoming very
widespread within the mobile phone market. Patch antennas are low cost, have a low
profile and are easily fabricated.

We have different design of microstrip antenna with different shape, but all of them have
the same structure: on the bottom a ground plane are made of high conductivity metal
(typically copper) with similar thickness than the conductor material on the top (typically
copper or gold). The thickness of the ground plane or of the microstrip is not critically
important. Between these both layers we can found the dielectric material that is typically
formed by FR4 and their dielectric constants are usually in the range of 2.2 < €r < 12. The
most desirable substrates are those that are at the lower end of the range and also have
a high thickness as they provide better results in terms of efficiency and bandwidth. On
the other hand, substrates with higher dielectric constant and reduced thickness are more
desirable in microwave circuits because the fields are more confined to the structure
which minimizes unwanted radiation and coupling, as well as allowing that the devices
are more compact. In the Figure 2.2 we can see the different shape of conductor layer:

10 @

(d) Circular (e) Elliptical

(a) Square (b) Rectangular (c) Dipole

A ¢ O

(f) Triangular (g) Disc sector (h) Circular ring (i) Ring sector

Figure 2.2: Shapes of conductor layer

Square, rectangular, dipole (strip), and circular are the most common because of ease of
analysis and fabrication, and their attractive radiation characteristics, especially low
cross-polarization radiation. During this document, we will focus just in square antenna.

For design antenna with microstrip technologies we use the same principles than the
microstrip line, but we must consider some important things, because we are looking for

18
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that the structure radiate in one direction with circular polarization. The figure below
shows the geometry of the rectangular microstrip antenna.

x Ih

Patch W

/
S

Radiating Radiating
slot #1 slot #2

| £y Substrate

Ground plane

Figure 2.3: Structure of patch antenna

A microstrip antenna consist of a very thin (t « 1, where A, is the free-space
wavelength) metallic strip (patch) placed a small fraction of a wavelength (h « 4,, usually
0.0034; < h < 0.054, ) above a ground plane. The microstrip patch is designed so it
pattern is maximum in normal direction to the patch (broadside radiator). The radiating
edges (fringing fields) are at the ends of the L-dimension (usually 4,/3 < L < 4,/2) of the
rectangle, which sets up the single polarization. Radiation that occurs at the ends of the
W-dimension is far less and is referred to as the cross-polarization.

[4] The resonance frequency for the fundamental mode of a rectangular patch is defined
as:

P c c (2.6)
r ZLeff greff Z(L + 2Al)1/€7‘eff
Alis a:
w (2.7)
(erery +0.3) (T +0.264)
Al = 0.412h W
(érery — 0.258) (7 +0.8)
Where &,..¢ is the effective dielectric constant obtained by the quasi-static approximation:
-1/2
&1 Er4a (2.8)
Finally obtaining the physical length L of the patch design is: (2.9)

L — 2Al

B 2f1" /sreff

The width W is not too critical, with W can be adjust the input impedance and improve

efficiency. It can be defined as:
2.10
1 5 (2.10)
W =
2fr€oboEr T 1

In our case, as we want to have circular polarization antenna, it is necessary to design
the W dimension equal to L, obtaining a square patch.

19
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[6] The figure below is a side view which attempts to show a snapshot of the E-field under
the patch. Note that the fields under the L-edges are of opposite polarity (due to the half-
wave nature of the patch) and when the field lines curve out and finally propagate out into
the direction normal to the substrate they are now in the same direction (both facing left).
In the far field perpendicular to the substrate, the radiation from the two sides adds up
because the fields are in phase. As you look out in directions off of boresight, the intensity
drops off as the fields of the two edges become farther and farther out of phase. At two
angles the fields exactly cancel. Thus the microstrip patch radiation intensity depends on
what direction you are facing it from (it has gain and directivity).

——r—— 1
_¥

Er J«\P‘. 411 h
T

Ground plane

Figure 2.4: E-field in the patch

Normally the microstrip patch antenna has a gain of between 5 dB and 6 dB, have a
beamwidth at -3 dB between 70° and 90° and its radiation has a unidirectional character.

Now we know how radiates a microstrip antenna. Let's see what types of polarization we
can be found in an antenna.

[4] The polarization indicates how varying the orientation of the electric field vector Eata
fixed point in space as time passes. The polarization of a plane wave is geometric figure
described, as time passes, by the end of the electric field vector at a fixed point in space
in the plane perpendicular to the direction of propagation. For waves with varying time
sinusoidal that figure is generally an ellipse, but there are two particular cases of interest:
linear polarization and circular polarization.

@ 7 (b) y

L L

Figure 2.5: Linear polarization (a) and circular polarization (b)

[5] Let's see the formulation. Now consider the superposition of a wave X linearly
polarized with amplitude E; and a wave y linearly polarized with amplitude E,, both of
them traveling in the direction Z positive. The electric field we can write as:

E= (E,&+ Eyp)e ko (2.11)

From the above equation, we can have the following possibilities. If E; # 0 and E, = 0,
we have a planar wave with linearly polarization in the direction X. If E; =0 and E, # 0,
we have a planar wave with linearly polarization in the direction y. If E; and E, are both
reals and different of zero, we have a planar wave with linearly polarized with angle:

Ey

— tan~1-% 2.12
0] an L, (2.12)
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In the case of E; = jE, = E, with Eyreal, then:
E = Ey( — jp)eTkoz (2.13)
Where the temporal domain of the field is:

E(zt) = E, (J? cos(wt — kyz) + y cos(wt — kyz — g)) (2.14)

This shows that the orientation of the electric field vector changes with time or with
distance along the z axes. One way to look at it is taking a fixed position as z = 0 so that
is such that:

E (0,t) = Eo(% cos(wt) + 9 sin(wt)) (2.15)

When wt increases from zero, the electric field vector rotates counterclockwise from the x
axes. The resulting angle of the x axes of the electric field vector with time t, z =0, is
then:

. (2.16)
_y Sin(wt)

@ = tan

=wt
cos(wt)

It is showing that the polarization is rotated at a uniform angular velocity w. Noting the
direction of propagation we can say that this wave is circularly polarized clockwise. Just
as a field:

E = Ey(& + jp)eIkoz (2.17)

It is a counterclockwise circularly polarized wave.

Circular polarization clockwise Circular polarization anticlockwise

(a) y (b) ¥
he X
/’rnpagamn

Figure-2.6: Circular polarization clo-ckwise (a) and anticlockwise (b)

Propagation

This section also has to talk about axial ratio (AR). The axial ratio is the ratio of the major
axes over the minor axes of the ellipse of polarization, which allows assess the circularity
of a polarization, and can be calculated as:

S

8

(2.18)

a

AR =

<

min
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The AR for an ellipse is always greater than 1 (> 0 dB), while for a linearly polarized wave
AR will be infinite. The concept of axial ratio is widely used in circularly polarized
antennas, being 0dB the ideal value of axial ratio to achieve.

2.2.1. Characteristic modes

[4][8][9] The theory of the characteristic modes can identify modes of radiation from any
antenna.

The formulation of the theory of the characteristic modes of a conductive object begins

with the definition of an operator in an equation relating the current J on the surface S of a
conductive object with the electric field incident E.

_FEt - 2.19
L() = B 4 =0 .19
It is tan the tangential component on the surface. The linear operator L is defined as:
L(J) = jwA(J]) + ve(J) (2.20)
A7) = u$ § 70 (s
S

-1 Tl ’ 1
o() =j%115££V TG, rds

e—jk|r—r’|
n —
o(r,r’) dt|r — 1’|
where r is the field at one point, r’ is a source at one point, ¢ is the permeability, u is the
permittivity and k is the wavenumber in free space.

Physically, L provides the electric field at any point in space due to the current /] on S.
This means that the operator L has the dimension of impedance:

z() = LD,y (2.21)
The operator of impedance Z is complex and can be defined as:
z(J) =R(J) +jX() (2.22)

After the development carried out in [8], the current characteristic modes can be obtained
as the eigenfunctions of the following equations:

X(j)n) = AnR(fn) (2.23)

Where fn are the eigenvalues, fn are the eigenfunctions, and R and X are the real part
and the imaginary part of the operator Z.

According to the above equation, the characteristic modes J, are real distributions of
current on the surface of a conductive object that rely solely on its geometry and
dimension, being independent of any specific source or excitation. By definition, modes
are related to the power that can be radiated by the conductive object.

In practice, to calculate numerically the characteristic modes of an object, equation 2.23
needs to be reduced to a matrix form by the method of moments and the formation of
Galerkin.
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1X1], = A, IR, (2.24)

Subsequently, the eigenvectors fn and eigenvalues 4,, can be obtained by solving the
problem 2.24 widely using standard algorithms.

The characteristic modes form a complete set of solutions, and therefore the total current
in the conductive surface of an object can be expressed as a linear combination of these
current modes.

J= annjn (2.25)

where b are the coefficients of expansion that are easily derivable:

_JuEY W
"1+, 14jA,

(2.26)

where V! is called modal expansion coefficient, and indicating the degree of coupling
between the excitation and the characteristic mode. Therefore, the solution for modal
current in a surface S is:

i

(2.27)
nl +j/1n]"

\tl,
I

From the above equation you can extract a set of real eigenvectors J or characteristic
modes of any conductor object to arbitrary geometry, which are the real currents on the
surface of the object.

The concept of characteristic modes will be usefully for obtain the circular polarization.
[14] If we want a circular polarization is necessary to combine two orthogonal and linearly
polarized modes, with the same current amplitude and in phase quadrature (90°). In the
figure 2.7 [16] we can see the four first modes in a square conductor, for a circular
polarization we need the J; and J, :

)
'.:\

SIS

Figure 2.7: First four characteristic modes
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2.2.2. Obtaining a circular polarization antenna

As we mentioned above, we want to make an antenna with a circular polarization.
Circular polarization can be obtained if two orthogonal modes are excited with a 90° time-
phase difference between them. This section illustrates the two possible ways to get
circular polarization, and for this we use the concept of characteristic modes.

- One feed point
The main idea of obtaining circular polarization from a single feed point is focused
on the introduction of a radiating structure so that the first two degenerate modes
(J; and J,) change slightly its resonance frequency to each other.

The dimensions of the perturbations introduced together with the proper
placement of a feeding point in the structure allow that to an intermediate
frequency between the two degenerate modes there is a phase difference of 90
degrees between its characteristic angles. This means that the radiated fields of
the structure also have this offset and therefore the antenna is circularly polarized.

- Two feed points
The second method focuses on the use of two in quadrature sources that combine
the first two degenerate modes orthogonal of the structure J;, and J,,
simultaneously.
It must be ensured that the two feed points are within 90° of each other and
ensuring a phase difference between them of 90°.

2.2.3. Eeeding Methods
[7] [4] We will discuss two methods of feeding a patch antenna.

- By transmission line

The antenna is fed through a transmission line connected directly to patch for
some of the edges of the patch. It is easy to make and the line use the same
substrate as the antenna. The disadvantage is that unwanted secondary lobes
appear in the radiation pattern.

Microstrip Feed

Patch

Substrate

Ground Plane

Figure 2.8: Feeding by transmission line
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- By the coaxial cable

The coaxial cable connects directly to the patch from the soil layer through the
substrate. The main advantage is that we can optimize separately the patch and
feed system to achieving improved efficiency.

Patch

Substrate

Coaxial
Connector

Ground Plane

Figure 2.9: Feeding by coaxial cable

2.2.4. Impedance

[10] It is defined as input impedance of an antenna (Z,) the relationship between voltage
and current at the input terminals of the antenna. In phasor notation of sinusoidal steady
state, the input impedance will have a real part (R4) and an imaginary part (X4). Usually,
the current voltage relationship at the entrance of the antenna depends on the frequency,
so that Z,, R, and X, ( will depend on the frequency).

Zyw) = Ry(w) + jX4(w)

When at a given frequency, the reactance of the input impedance of the antenna is zero,
it is said that the antenna is resonant at that frequency.

(2.28)

Typically, the resistive part of the input impedance, R4, consists of two components; one
R radiation resistance R, and a loss resistance R,,.

We can define the radiation power and power loss:
2.30
Pradiation = |I|2Rr ( )
Pross = |I|2R.Q

Where I is the current supplied by a generator hypothetical connected to the antenna and

it is defined as:
(2.31)

Where V; is the voltage of the generator and Z,; the internal impedance.

Due to that the antenna radiates certain power, and another is lost in the antenna itself,

you can define the power delivered to the antenna as the sum of these two: (2.32)

Paetiver = Pradiation T Pioss = |I|2Rr + |I|2RQ
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The purpose of any antenna is to radiate the maximum power as possible (in the desired
direction), so the power losses should be as small as possible, that is, the antenna should
be efficient. Efficiency is defined as the power radiated in relation to the power delivered

to the antenna.
(2.33)

Pradiation _ R,
Paetiver Ry +Rq

2.2.5. Arrays and feed networks

[6] Microstrip antennas are used not only as single elements but are very popular in
arrays. The arrays are very versatile and are used, among other things, to synthesize a
required pattern that cannot be achieved with a single element. In addition, they are used
to scan the beam of an antenna system, increase the directivity, and perform various
other functions which would be difficult with any one single element.

The elements can be fed by a single line, as shown in Figure 2.10 (a), or by multiple lines
in a feed network arrangement, as shown in Figure 2.10 (b).

@) (b)

=

@%

Figure 2.10: Array with line feed (a) and array with network feed (b)

2.2.6. Matching of Microstrip Lines

[7] Matching of microstrip transmission lines is done by matching each line to the source,
its interconnecting transmission lines, and to the edge of a patch antenna. The patch
antenna edge connected to the transmission lines is given an inset to match the radiation
edge impedance of the patch antenna to the characteristic impedance of the transmission
line.

The characteristic impedance of a transmission line of a microstrip feed patch is designed
with respect to the source impedance. The characteristic impedance Z, of the
transmission line with respect to the source impedance Z; is: (2.34)
Zo =nZy

where the factor n is the number of twigs emanating from a node connected to a source.
The above equation can be illustrated by considering a 2 x 2 antenna array as shown in
Figure 2.11 where an edge feed is matched to a source impedance of 50 Q. The
transmission lines from the source therefore have an impedance of 100 Q. Similarly the
characteristic impedance of the transmission line feeding the antennas is 200 Q.

20000 20002

500

20002 2000
Figure 2.11: Impedance of the twigs of the array
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2.2.7. S Parameters

[15] S parameters are useful for transmissions lines with N access, but we will use for
measuring the reflection coefficient of the antenna and the axial ratio with the vector
analyzer. For this reason | will explain the S parameter of a two-port.

Dispersion S parameters are the reflection and transmission coefficients between the
incident (we use a) and reflected (we use b) waves. These parameters completely
describe the behavior of a device under linear conditions in certain frequency ranges.
Despite being applicable to any frequency, the S parameters are used primarily for
networks operating in radio frequency (RF) and microwave frequencies. Each parameter
is characterized by magnitude, gain or loss in decibels and phase.

If we define the two- port with the a and b waves:

a1 52

Y
Y

b a3

A
A

Figure 2.12: Two-port with incident and reflected waves

The description of the S parameters is:

S11: Reflection coefficient at the entrance

b, (2.35)
S11=—
a1 a2=0
S,1: Direct transmission coefficient
b
Sy =2 (2.36)
al a2=0
S1,: Reflection coefficient at the exit
by (2.37)
S12 = —
az a,=0
S,,: Transmission coefficient
b, (2.38)
Sa2 = —
az a,;=0
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3. Methodology / project development:

In this section | will explain the procedure to design my own antenna. The first step was
to know all the important parameters for lines microstrip and patch antennas as
mentioned in the previous section. All these concepts will be used in this project.

As | told in introduction section, | was using the FEKO software for this project. FEKO is
based on sophisticated numerical methods to solve complex electromagnetic engineering
problems. It offers multiple state-of-the-art numerical methods for the solution of
Maxwell’'s equations, enabling its users to solve a wide range of electromagnetic
problems encountered in various industries Which FEKO we can obtain different
parameters of our design, for example: radiation pattern, reflection coefficient, Axial
Ratio, Electrical field...

3.1. Firsttwo designs

In the figure below you can see the final design:

Figure 3.1: Final design of microstrip array antenna.

You can see that is an array with four square elements with two of four corners with
perturbation that determine the direction of the circular polarization that | will illustrate
later (Figure 4.15). The two top patch are connected with the other part by microstrip
straight line, and left and right part are connected between serial network feed to feed all
the patches from the same direction.

Before this final design | was studying two other options:

The first one was four patches connected in line. The problem of this design was that due
to the design have many corners (you can see in Figure 3.2 (a) the black circles that mark
the points of radiation different of the patches), the radiation power in the patches had
been very small as you can see in the Figure 3.2 (b) of the gain at the frequency of
interest also the radiation was not in normal direction.
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@ (b)

Gain [dBi]
~—

20 21 22 23 24 25 26 27 238
Frequency [GHz]

Figure 3.2: (a) First design and his (b) gain

The second design was four patches but the two bottom patch was connected by parallel
network that you can see in the Figure 3.3, but with this design we will have problem with
the perpendicular radiation because the patches are feeding in opposite directions that
you can see the arrows in the Figure 3.3 (b).

(a) (b)

Figure 3.3: (a) Second design and his (b) current distribution

3.2. Final design

After these two possible designs | will focus on the final design (Figure 3.1), but note that
the same procedure outlined for the final design was used to first design and second
design that have been explained above (Figure 3.2 and Figure 3.3).

As | mentioned, to design an antenna array must take into account that all elements have
an influence on the other elements. For this reason, | started optimizing a single patch
that will form part of the complete system. To determine the optimum dimensions of this
first element we use the formulas of microstrip antenna (equations 2.6 to 2.10). Given the
established parameters:
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(3.1)
& =48 Ererf = 4.3 for patch
h =1.6mm lambda
L=W =—2 = 30.09 mm
freq = 2.45Ghz

After studying the different cases, | decided that the best option to have a circular
polarization is perturbing two of four corners of the patch. With this we can excite the two
orthogonal modes with a 90° time-phase difference between them. To obtain the correct

dimension of the perturbation, | have been modifying slightly for obtain the axial ratio
equal to 0 dB.

Figure 3.4: Dimensions of the perturbation

But, due to the perturbations of the corners we should modify slightly the length of the
edges, for this reason the final length of the edges are:

L=W=282mm

Figure 3.5: Single patch antenna
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In the Figure 3.6 (a) we can see the gain of one patch antenna. We see that it's near to
3dB. On the Figure 3.6 (b) we can see the axial ratio (AR), remember that we have
circular polarization when the value of AR is 0dB. The blue color corresponds to 0dB.

(a) Axial ratio tmajor/minar) (481
250
'22 5
20 200
175
150
125
100
10 I 75
5.0
25
00
0 — —
@ T [l
<
@ 0
-20
-30
80 60 -40 20 0 20 40 60 80
Theta [deg]

Figure 3.6: Gain (a) and axial ratio (b) of the single patch antenna

In the below Figure 3.7 the reflection coefficient (S;;) showing the adaptation of the
antenna at 2.45GHz with -8,6dB.

_”L__ 1
. B P

S-parameters [dB]
&
/
~

; /
. \/

V

20 21 22 23 24 25 28 27 23 29 30

Fraausncy IGHZ1

Figure 3.7: Reflection coefficient of the single patch antenna

Finally in the Figure 3.8, we can see the near field E on the top of the surface, with the
arrows that produce the radiation in the normal direction of the single patch antenna.

nnnnnnnnnnnnnnn snitude XY E-Field (¢BV/m)
375
B |
225

150
75

Figure 3.8: Near field E of the single patch antenna
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The next step is connect with a microstrip line two patches. The impedance of this line is
not so important but | choose a width of 4.5mm for reduce the losses in the line. The
distance between both patches line is more important and it must be a lambda half for
have both patches in phase and obtain the radiation in normal direction.

With width of 4.5mm we obtain D = % = 32.24 mm but due to the perturbations on the
cornes we must shift to 39 mm.

Figure 3.9: Union of two path antenna
In this case we must ensure that we maintain the circular polarization and the radiation in
the normal direction.
b
@ (b)

Axial ratio tma jor (minor} (48]
400
l!ﬁ o
320
280
240
200
160

120
20

Figure 3.10: Near field E (a) and axial ratio (b) of two patches

When both patches are connected | calculate the impedance of the edge in the feed line
to design the impedance of the feed network.

| obtained that the impedance value of the system with two patches is 63 Q, | must
match the impedance with quarter wave transformer.

% (3.2)

A/4

Z.
n Al 1
Ler——Zmr = h

Figure 3.11: Quarter wave transformer
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In our case the source is 50 Q, and remember that if we split the microstrip line in two
ways (2.34), we have 100 Q.

Figure 3.12: Feed network
Therefore, the value of Z, is: 79.37 2. With this value, we otain that the width of the

microstrip lines is 1.305mm. For design the other part of the microstrip network | used
width with hight value to reduce the losses.
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4. Results

In this section | will compare the simulations of FEKO with the complete antenna and the
results that | obtained in the laboratory after the manufacturing.

In the next image you can see the final prototype:

Figure 4.1: Final patch antenna

First of all, | used the Vector Analyzer ZVA8 from Rohde and Schwarz for visualize the
S;1 parameter. The value that we obtain at 2.45GHz is -19.384dB in linear units means
that 1.15% of the power is reflected and 98.84% of the power is useful.

Tred dBMag 10dB/ Ref0dB Cal 1

S11

Ch1 fo Start 2 GHz Pb 0dBm Stop 3 GHz

Figure 4.2: §14 by vector analyzer

And by FEKO software we obtain a value of -15.5dB which mean that 2.81% of the power
is reflected and 97.18% of the power is useful.

’3 Vool
,9 \ \ /
[\

v

S-parameters [dB]

“20 21 22 23 24 25 26 27 23 29 3.0
Frequency [GHz]

Figure 4.3: §;; by FEKO simulation
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The different between this two graphics can be produced because the S;; was computed
in a interference environment. Anyway, in both case we obtain a coefficient reflection less
than -10dB that it was the objective and detemine a good adaptation of the antenna.

If we define the band-width as the range of frequencies with S;; lower than -10dB, we
obtain a narrow band-width from 2.39GHz to 2.49GHz

For the next part of the analysis we use a anechoic chamber of the Zapadoceska
Univerzita v Plzni for delete the possible interference.

We want to compute the S,; parameter to obtain the radiation pattern in Theta and in Phi
degrees. For this, we use the following disposition of the elements: we connect the
prototype antenna in vertical position and a broadband horn antenna from Frankonia with
linear polarization to the Vector Analyzer and we move the prototype degree by degree
from 0° to 360° in vertical and in horizontal position of the horn to compute the phi and
theta component, then we change the orentation of the path antenna to horizontal and
compute again the power in theta and phi. Horn antenna

v
-
-
~
-
-
Bl

-

Patch antenna Figure 4.4: Anechoic chamber

Path antenna in horizontal possition and horn antena in vertical and in horizontal:

0 g

(@) w ©)

240

270

Figure 4.5: Horizontal position phi (a) and theta (b)
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270
Figure 4.6: Horizontal position

Patch antenna in vertical position and horn antenna in vertical and in horizontal:

@ (b)

240

Figure 4.7: Vertical position phi (a) and theta (b)

Figure 4.8: Vertical position

If we compare with FEKO software:

Figure 4.9: Theta with FEKO
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Figure 4.10: Phi with FEKO

In FEKO simulation we can see the beam width (-3dB of the maximum) of the antenna in
phi and theta. We note also that in FEKO we have an infinite ground plane, for this
reason we doesn’t have secondary lobes and also back lobe. We can see that in the
anechoic chamber we obtained a good directivity. If we see the gain:

By FEKO we obtain almost 8dB:

Gain [dBi]

228 231 234 237 240 243 248 249
Frequency [GHz]

Figure 4.11: Gain by FEKO simulation

And in the anechoic chamber:

20 T T T T T T T T T

X 2450
12 W 10.49

G [dBi]
2

0 1 1 1 1 1 1 1 1 1
2000 2100 2200 2300 2400 2500 2600 2700 2800 2900 3000
f IMHz]

Figure 4.12: Gain in anechoic chamber

The difference between the measurement and simulation can be caused by lack of
simulation calculations. If we focus on measurements in anechoic chamber we can see
that at 2.45GHz we get a gain of 10.49dBi that it was the objective for this project.

37



UNIVERSITAT POLITECNICA
DE CATALUNYA ”j) telecom
BARCELONATECH BCN

For compute the axial ration we use the concept that due to the horn antenna has a linear
polarization, the difference between the S,; when the horn is in horizontal and when the
horn is in vertical is the axial ratio. In the next image we can see the concept; the axial
ratio is the different between the major and the minor axes: [13]

POLARIZATION
PATTERN

POLARIZATION
ELLIPSE

Figure 4.13: Polarization pattern

In our case the value of the axes is:

AVGE Value

Horizontal path phi -31.5154dB

Horizontal path theta | -30.7669dB

Vertical patch phi -31.5235dB

Vertical patch theta -31.2427dB

Table 4.1: Axes value

In all the cases we have less than 1dB of different between the axes. This means that we
have a good circular polarization. If we compare with the value provided by FEKO:

3 ] g

Axial ratio (majorfminor) [¢B]

22 23 24 25 26

Figure 4.14: Axial ratio by FEKO simulation

At 2.45GHz we have almost 3dB of axial ratio.
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Finally, we can see circular polarization if we see the electric current in function of time in
the microstrip antenna by FEKO simulation, following the concept of characteristic
modes. In the figures below you can see how for different times occurs a rotation in the
current distribution.

Figure 4.15: Current distribution in FEKO with (a) wt=0°, (b) wt=45°, (c) wt=90° and (d) wt=180°
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5. Budget

FEKO software

Description

Education license for one
year (no commercial
projects)

D)

Cost

900 €

Design and prototyping
cost(*)

Research microstrip
information

120 hours x 7 € = 840 €

Design array microstrip

270 hours x 7 € = 1890 €

Construct the
optimization microstrip
array

5hoursx7€=35€

Evaluation the antenna

6 hoursx7€=42¢€

Project documentation

150 hours x 7 € = 1050 €

Product

Coaxial connector

1.20 €

Patch antenna prototype

Table 5.1: Budget

10 €

(*)If the hourly wage is 7€
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6. Conclusions and future development:

After the study the three previous design, our final design of four elements antenna
reaches all objectives; have a very good circular polarization in consequently axial ratio
near 0dB, good gain, good reflection coefficient (S;;) and narrow band-width at 2.45GHz
that determine a long range of operability. For this reasons, can work efficiently as a
reader antenna for a RFID applications. The other two designs will have problem if were
part of RFID system because they have problems with the gain or with the radiation.

With the final design the results obtained with FEKO software and in the anechoic
chamber are very similar, but we should in mind that in FEKO software we have an
infinite ground plane that doesn’t allow the secondary lobes and the back lobe.

The next step should be improve the final design and try to make with reduced
dimensions and better characteristics. One thing that can be improve is the band-width
because we obtained a reduced band-width, that can be improve with increasing the
substrate thickness, optimization the impedance matching between antenna and feed
network or reducing the substrate effective permittivity.

Despite having the anechoic chamber, for the next test you should dispose of an antenna
with a circular polarization to see the direction (clockwise or counterclockwise) of the
circular polarization of the antenna under test.

Finally it is noteworthy that we have obtained a low cost antenna with lightweight and has
achieved the objectives for our application.
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Glossary

A list of all acronyms and the meaning they stand for.

e UPC: In Catalan: Universitat Politéecnica de Catalunya (Polytechnic University of
Catalonia)

e UWRB: In Czech: Zapadoceska Univerzita v Plzni (University of West Bohemia)

¢ RFID: Radio-frequency identification

o WP: Work package

e TEM: Transverse electric and magnetic mode

o AR: Axial ratio
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