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ABSTRACT

The thesis presents a study of different microwave radiators for wireless
applications in the frequency range of 2.2 - 2.5GHz. The performance of
microstrip patch antennas and dual polarized dipole antennas were evaluated
numerically and experimentally verified. A single microstrip patch and a four-
element microstrip array were simulated, fabricated and tested. Simulation was
carried out by the finite integration time domain (FITD) method. Polarization
diversity is realised using crossed dipoles printed elements. For the crossed dipole
elements, two different feed arrangements were studied. Parameters such as return
loss, isolation, radiation pattern, gain and bandwidth were measured and found to
be in good agreement with simulation. Several techniques were used to obtain
broadband performance. Balanced and unbalanced feeder systems, substrates
effects and the use of planar elements were investigated. Significant
improvements were achieved in bandwidth and port-to-port isolation by

optimizing the feed system and antenna geometry.
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CHAPTER1

INTRODUCTION

In the last decade, many wired Local Area Networks (LAN) communications
systems have been replaced by Wireless Local Area Networks (WLAN). In July
1990, the Imstitute of Electrical and Electronics Engineers formed a working
group (IEEE 802.11) to establish a worldwide standard for WLANs. By that time,
a number of radio LAN products had been developed in the ISM (Industrial,
Scientific and Medical) bands, 902-928 MHz, 2.4-2.5 GHz and 5.73-5.88 GHz.
These frequency bands are unlicensed and can be used for data transmissions with
some power restriction. The common name used in the commercial environment
for these standards is Wi-Fi. In 1997 the first standard for WLANSs was approved
and in 1999 the well known standard IEEE 802.11b was published. This system
operates in the frequency range of 2.4-2.5 GHz and has a bit rate of 5.5 and 11
Mbps. In the same range of frequencies, the IEEE 802.11g standard was
developed, which supports a data rate of up to 54 Mbps. Other standards such as
IEEE 802.11a and IEEE 802.11n have been set to operate in the 5GHz bands. In
the summer of 2005 a new wireless standard was certified (3.5GHz band), 802.16-
2004, otherwise, known as WiMAX. The standard 802.16 cover frequencies from
2 to 66GHz. For frequencies below 11GHz, where propagation without a direct
line of sight (LOS) must be accommodated, three alternatives are provided to
support non-LOS (OFDM, OFDMA and single carrier modulation). The ability to
support near-LOS and non-LOS scenarios require additional physical
functionality, such as the support of advanced interference mitigation/coexistence
and multiple antennas. Emerging technologies like UWB, HSDPA, WiMAX
mobile (802.16e), WiBro (with thousand of clients in South Korea) operate also in
the 2GHz band. Wireless communication is placing new demands on antenna
designs. These include dual or triple-band operation, wideband operation,
polarization agility and increased gain. This report describes the results of various
wireless antennas designs, simulations and measurements carried out at 2.45 GHz,
which are useful in the design of communication systems compliant with IEEE

802.11, Bluetooth, Home RF, WiMAX and WiBro open wireless standard.
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Many different types of antennas including dipoles, patches, and monopoles are
available in the wireless market, but due to the immense growth of wireless
systems and the number of users, polarization diversity will be a requirement in
the future in order to increase the capacity of the cells. Leading antenna
manufacturers such as Andrew Corporation or RFS. include 2.4GHz base station
antennas in their catalogues but they are not dual polarized antennas. The
operating frequency range for 802.11b and 802.11g (ETSI) goes from 2.412GHz
(channel 1) to 2.472 GHz (channel 13), thus 60MHz bandwidth. The purpose of
this project consists of obtaining a dual-polarized base station antenna with an
isolation of 20dB or greater between channels and realising a return loss greater
than 10dB over the frequency range above. It is also very important for the
performance of the antenna that the radiation patterns are without squint and with
a regular shape (20dB front to back ratio and 20dB crossed polar rejections level)
over the frequency band. In terms of gain the aim for the antenna is to obtain a
gain greater than 6.dBi over the full frequency range.

Because of the rapid growth in emerging wireless technologies and applications,
there is an increased demand for base station antennas which fulfil the above
requirements.

Wireless systems like Wibro (2.3GHz) and Wimax mobile (2.5GHz) are
technologies that operate in a similar way that cellular networks like GSM or

UMTS do (systems that use base station antennas).

Chapter 2 describes the most important antenna parameters as well as an
introduction to dipole antenna theory and dipole feeder systems. The feed systems
include various coaxial and printed baluns which provide both impedance
matching and balanced-to-unbalanced transformation. This is essential to
minimise feeder currents, spurious radiation and gain reduction. This chapter also
introduces microstrip and substrate parameters. Chapters 3-5 present a
performance evaluation of the different microstrip and printed dipole antennas
that were designed and fabricated operating in the 2.4GHz band, in order to fulfil
the requirements demanded by modern wireless applications. CST Microwave
Studio, a 3D celectromagnetic simulation software tool, based on the finite
integration time domain (FITD) method, was used to model and simulate the

antennas. Chapter 3 describes the design of two microstrip antennas, a single
14



halfwave rectangular patch antenna and a microstrip patch array. The single
rectangular patch was modelled and fabricated in order to learn about the
modelling accuracy. The array comprised a high gain two by two array of
rectangular patchs, which were fabricated on high quality substrate. A full range
of measurements were carried out. Chapter 4 describes the design of a dual-
polarized directional printed antenna. The choice of dimensions and the effect of
planar structures and dielectrics on the design are evaluated. The dipoles are fed
using a perpendicular tapered balun structure that consists of two back to back
microstrip substrates. A parasitic reflector is added in order to improve the
directivity. Different substrate types were evaluated in the antenna development.
Chapter 5 shows the design of a dual-polarized printed antenna (crossed-dipole)
which is fed using a better balanced-to-unbalanced transformer, namely a quarter
wave balun. The feeding network is a microstrip structure and it is also
perpendicular to the dipoles. It also employs a parasitic reflector. The improved
antenna performance is fully measured. The antenna presents both dual-linear and
circular polarization capabilities. This polarization diversity is required for
modern wireless systems. The low profile and the low cost are common features
for these dipole structures. The final antenna fulfils the specification demanded by

wireless base-stations.
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CHAPTER 2

BACKGROUND THEORY

2.1 Principles of antennas

In this chapter some of the more important parameters of antennas are described.

These are necessary for a clear understanding of the design process.

Input Impedance:

The antenna presents to the transmission line an impedance Z;.

£, =- Bg;2,1
e q

where ¥ and [ are the voltage and current at the antenna terminals.
L) =R )+ JX LF) Eq.2.2

where iError! Imposible crear objetos modificando
codigos de campo.  ;Error! Imposible crear objetos modificando cédigos de
campo. Resonant Antenna Bg.2.3

Teansmission Line Z 1

—vx\{'-__rrt\e?ia

Fig.2.1: Antenna as a circuit element

At microwave frequencies the input impedance is expressed in terms of reflection

coefficient, usually return loss or voltage standing wave ratio (VSWR).

Return loss
The return loss is based on the magnitude of the reflection coefficient.
The reflection coefficient I' is defined as

Z,~2

l_' — =0, Eq2.4
g, &y
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where Z, is the characteristic impedance and Z; is the load impedance.

The return loss is usually expressed in dB and is given by
201logll" Eq.2.5

The voltage standing-wave ratio (VSWR) may be found using
1+[T]

VSWR = ——
1-|r]

Eq.2.6

Antenna isolation
Sometimes communications equipment is connected to several antennas (via
several ports) in order to achieve polarization or space diversity. If the antennas
are in close proximity, the isolation between the antennas (ports) becomes an
important parameter. For an antenna comprising two elements, 1solation can be
defined as the ratio of the received power P; at the adjacent port to the transmitted
power Py,. (Figure 2.2).

l =1010g§ Eq.2.7

23

Pf I
Prx

Fig.2.2: Isolation between two antennas

Bandwidth

The useful frequency range of an antenna depends, in general, on both its
radiation pattern and impedance characteristics. Some narrowband antennas such
as thin dipoles exhibit rapid impedance variations with frequency, while the
radiation pattern changes less rapidly. However, some wideband antennas, such a
biconical dipoles, exhibit impedance characteristics which are satisfactory over
such a large bandwidth that the varation in the radiation pattern determines the
frequency limits. Assuming no pattern degradation with frequency, the antenna

impedance bandwidth is defined as the frequency limits f; and /> for which the
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voltage standing wave ratio (VSWR) at the antenna feed terminal remains below

an acceptable value. A commonly accepted value at microwave frequencies 1s a
VSWR of 2:1 (Return loss -10dB).

Radiation patterns and coordinate systems

The radiation pattern of an antenna is one of its most important characteristics.
The pattern is a three-dimensional representation of the field intensity with the
antenna located at the origin of the spherical coordinate system as a function of

the angular coordinates (¢,8).

Fig. 2.3: Spherical coordinate system (¢, &, #)

The patterns may be displayed with either polar or Cartesian coordinates. Polar
plots are commonly used for low gain antennas such as dipoles or single element
microstrip antennas. A side lobe is defined as a radiation lobe in any direction

different than that the main lobe. The magnitude of the radiated power is usually

normalized to maximum gain.

Gain
Antenna gain is classified into directive gain (directivity) and absolute gain. The
definition of directive gain does not include input impedance mismatch losses and

losses inside the antenna (e.g. ohmic losses). The absolute gain includes all
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sources of loss for the antenna and is the term most often used when specifying
the transmission power and link margin in real operating environments. Since the
power radiated by a Hertzian dipole is concentrated in particular directions, the
field in the direction of maximum radiation must be greater than that produced by
an omnidirectional radiator emitting the same total power. The gain G of any
given radiator may be defined in terms of the signal power received at a distant
point in the direction of maximum radiation as the ratio between the maximum
power rececived from a given antenna and the maximum power received from a
reference antenna, assuming the same input power in both cases. The gain is also
measured by comparing the received electric field strength between the standard
gain antenna and the given antenna. The isotropic radiator is often used as the
reference antenna, but it is sometimes convenient to use other reference standards,
for example, the half~wavelength dipole. For a haif-wavelength dipole antenna the

absolute gain is Ge=2.15dBI.

Directivity

The directivity D of an antenna relative to an isotropic element is given by the
relationship between the maximum radiation intensity and the average intensity of
radiation.

At a certain distance from the antenna, the directivity can be expressed as the
relationship between the maximum value and the average value of the Poynting
vector. This relationship is unitless.

As the average value of the Poynting vector on a sphere is given for:

2rmw

S@O,¢), =— “’S(@ #)dC: (W/m?) Eq.2.8

The directivity can be written as:

1 1 _4r Eq.2.9
Im2m S(g 2am Q,.a i
4r ;5‘.5(9 géf:m -”P e
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Polarization

The initial polarization of a radio wave is determined by the antenna that launches
the wave into space. For plane waves, only the polarization properties of the
electric field are specified. The plane of polarization is defined as the plane which
contains the electric field vector and the magnetic field vector and is orthogonal to
the direction of propagation. The tip of the electric field vector moves along an
elliptical path in the plane of polarizatioﬁ. The polarization of the wave is
specified by the orientation and shape of this ellipse and the direction in which the
electric field vector traverses the ellipse. The shape of the ellipse is specified by
the axial ratio, i.e. the ratio of major axis to minor axis. The axial-ratio is defined

as

major axis length

AR(dB) =201lo
T o minor axis length

Eq.2.10

The orientation is specified by the tilt angle, which is the angle between the major
axis and a reference plane when viewed looking in the direction of propagation.
The direction in which the electric field traverses the ellipse is the sense of
polarization. This can be either counter-clockwise or clockwise when viewed

looking in the direction of propagation.

0A = major axis length
OC = ptinor axis length

# LIBRARY
“ Dublin Institute of Technolowy
Bolton St.,
Fig. 2.4: Polarization ellipses DUb“n

Cross-Polarization
Mobile communication systems traditionally use vertical polarization in the VHF
(30 to 300 MHz) band because the horizontal polarization component becomes

very weak at a height of 1 to 2 meters above the mobile station ground level.
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Although recent terrestrial mobile communication system in the UHF band (300
MHz to 3 GHz) transmit vertically polarized waves from the base station, many
obstacles in the propagation path reflect or diffract the transmitted waves and
excite a horizontally polarized component. It is therefore important to know the

cross polarization ratio (XPR) at a mobile terminal. The XPR 1s defined as the

ratio between the vertically and the horizontally polarized components:

P
APR =— Eq.2.11

where P, and P, arc powers for the vertically and horizontally polarized

components, respectively, at the measured site.

2.2 Dipole theory

2.2.1 Introduction
In this chapter dipole theory is described. Fundamental parameters such as input
impedance and radiation patterns are examined for cylindrical and printed dipoles.
A good definition of the function of an antenna was written by R. W. P. King
[28]): “the primary purpose of an antenna is to provide suitably localized and
oriented paths for oscillating electric currents. The distributions in amplitude and
phase of accelerated charges moving along these paths determine not only the
admittance, but also all the characteristics of the electromagnetic field, including
those associated with the directional properties of transmitters and receivers”.
From these words 1t is easy to think that one of the most important parameters to
be considered for an antenna is the distribution of current. Some other very useful
concepts to quote such as a radiator has a dual function of accepting energy from
the transmission line and radiating it into space in desired directions or as no
practical radiator can radiate uniformly in all directions, but such an omni-
directional or isotropic radiator is a concept easy to visualize and it is a reference

standard to which practical antennas can be related.
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2.2.2 Half-wave cylindrical dipole
A very commonly used antenna is the half-wave dipole, whose length is
approximately one-half of the free-space wavelength of the radiated wave. It is the
longest uniform linear radiator which will support a standing wave for which all
the elements of current are in phase. A half-wave dipole which is fed at its centre
by means a transmission line is found to have a current distribution which is
approximately sinusoidal, with a maximum at the centre and zero at the ends as
shown in Figure 2.5. This type of radiator could be considered as a chain of
Hertzian dipoles, therefore if the current were uniform the positive charge at the
end of one Hertzian dipole would be cancelled by an equal negative charge at the
opposite end of the adjacent dipole. At the extreme end of a dipole there is no
current and therefore the radiation resistance would appear to be infimite when
referred to the end. A cylindrical half-wave dipole is the shape most frequently

used for this type of antennas.

. CURRENT
DISTRIBUTION
+4+
++
ot
CHARGE -
DISTRIBUTION @l ]

Fig.2.5: Sinusoidal current and charge distribution on halfwave dipole

Input impedance
Much of the initial analyses on the input impedance (resistance and reactance) has
focused on thin cylindrical antennas. The effect and influence of the transmission
lines or the junction connection to the antenna proper has not been considered in
those theories. The input impedance Zr of a center-fed cylindrical antenna is
found by taking the ratio of the input or terminal voltage V7 and the current /7 at

the input terminals:

=R, + jX, Bq.2.12

where Ry is the terminal resistance and X7 is the terminal reactance. Some authors

including Hallen [29] and Schelkunoff [22] have presented the results of their
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investigations as a series of plots of input impedance against dipole length. From
these figures it can be seen that the reactive and resistive parts of the impedance
vary considerably with the length of the dipole and are also somewhat dependent
on the diameter of the dipole (Fig. 2.6). The important regions of the curves are
those corresponding to a length of approximately half-wavelength. The input
impedance, Zu, of a half-wave dipole as calculated by the induced

electromagnetic fields method [36] gives the result:

Z, =T3.2+ j42.5Q Eq.2.13

This is the impedance at the centre of an infinitely thin dipole which is exactly a
free space half-wavelength. It can be shown [36] that for a dipole of about 5 per
cent less than half a wavelength, the impedance reduces to

Z,, = 65Q Eq.2.14

This value is easier to match because it is purely resistive. In general, it has been
observed that for a given wire length, the impedance variation become less
sensitive as a function of frequency as the ratio (/2N decreases. Normally
antennas are required to operate over a wideband of frequencies, so the variation
of impedance with frequency should be as small as possible. Thus a thick dipole is
desirable for wideband applications. A useful method to calculate the input
impedance of a half wavelength cylindrical dipole antenna is based on the
induced-emf method [22]. The reduced expression for the input impedance is

given by

,/

/ A I !
g =R[k5J— 1120 n22 ~1 tan"(kE—X(k—B Eq2.15
a

where Z,is the input impedance of a centre-driven cylindrical antenna of total

length /, the radius is @ and the electrical length in radians &/ = 2@(//2N. R(kl/2)
and X(ki/2) are functions that are tabulated and give values for the different

lengths and wavelengths.
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Fig. 2.6: Cylindrical dipole
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Bandwidth
A very thin linear dipole has very narrowband radiation characteristics. Small
changes in the operating frequency will result in large changes in its operational
behaviour. In order to increase the bandwidth it is convenient to decrease the //2a

ratio, thus using a larger radius.

Radiation Patterns
The pattern is essentially unaffected by the thickness of the wire in regions of high
radiation. However, as the radius of the wire increases, the minor lobes diminish
in intensity and the nulls are replaced by low level radiation. It has been shown
[22] both experimentally and numerically that the patterns vary slightly with

respect to the diameter of the antenna instead of being independent of the
thickness.

2.2.3 Biconical dipoles

A common practice to construct cylindrical antennas with short conical sections at
the input terminals is employed by many antenna designers. The conical sections
are particularly desirable in order to reduce the shunt capacitance at the gap. The
propagation in a biconical dipole can be treated as a conical waveguide which is
similar in behaviour to a cylindrical waveguide. If the angles of the conical
sections are small the antenna input impedance can be calculated by using
Schelkunoff’s theory. However wide-angle antennas are mainly used to achieve
broadband operation. The angle should be chosen to be between 30° and 60° to
achieve broadband characteristics.
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2.2.4 Printed dipoles
A dipole may be realised on printed circuit board (PCB) and the dipole arms are
therefore planar strips. The noncircular cross section may be approximated by an
equivalent radius, a. As illustrated in Figure 2.7, a thin flat strip of width w may
be approximated by the equivalent radius a = 0.25w [29]

iError! Imposible crear objetos modificando codigos de campo.

Fig.2.7: Electrical equivalent radius

This concept represents in electrostatics the radius of a circular wire whose
capacitance is equal to that of the noncircular geometry. Microstrip dipoles are
planar structures which consist of a pair of collinear thin-strip conductors printed
on the surface of a PCB. This kind of dipole 1s mainly used at higher frequencies
where the substrate may be electrically thick due to its small size and simplicity.
Thus the bandwidth may be quite broad. There are many ways to feed printed
dipoles, although the radiation properties are independent of the excitation [11].
Printed antennas are widely used in mobile applications. The main antenna
challenges in wireless communications systems research are to reduce the antenna
size and improve performance.

The most commonly used materials in the construction of microstrip antennas are:
Unreinforced PTFE, Reinforced PTFE, Fused Quartz, 96% Alumina, 99,5%
Alumina, Silicon, Sapphire, Semi-Insulating GaAs. The most important electrical

parameters are the dielectric constant ¢, and the loss tangent tané . The following

criteria must be considered for substrate selection. [5]:
- Possibility of surface-wave excitation.
- Effects of dispersion on the dielectric constant and loss tangent.
- Magnitude of copper loss and dielectric loss.
- Anisotropy, in any, in the substrate.
- Effects of temperature, humidity, and aging.
- Cost.
- Mechanical requirements, such as ease of conformability, machinability,

and solderability, effects of vibrations on circuit dimensions, antenna weight and

LIERA:
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ability to withstand gravitational forces.




Nonelectrical properties like Useful Temperature Range (°C), Thermal
Conductivity (W/cm-K), Coefficient Thermal Expansion (ppm/K), Temperature
Coefficient of Dielectric Constant (ppm/K), Minimum Thickness (mil),

Machinability, Solderability and Dimensional Stability are also very important.

2.2.5 Reflector theory
Reflector-type antennas are widely used in communications systems.
Conventional reflector shapes are planar (large flat sheet, small flat sheet, corner),
parabolic-arc, double-curvature, paraboloid, hyperbolic, elliptical and circular.

These are used to modify the radiation pattern of a radiating element.

Plane sheet reflector
The reflector is generally a parasitic element with no connection to the feedline as
shown in Figure 2.8. The driven element is a half-wave dipole that is oriented
parallel to the reflector and separated by a distance S. The size of the reflector has
an important effect on the radiation pattern. The gain of a half-wave dipole

antenna with reflector in free space can be approximated by [29]:

R.+R
Glg)=2 e T sin($, cos¢ Eq.2.16
Rl] +RL _Rlz ‘ }

where §, = 27:% ,and R, R,, R,, are the self resistance of the driven element,

the effective loss resistance, and the mutual resistance of the driven element and

parasitic respectively. From the formula it can be shown that for a reflector
spacing S =)“% the gain is 0 and that a spacing of less than a quarter of wave
length is desirable. In order to achieve a reasonable compromise between the

bandwidth and the gain, a spacing of § = ’7‘% is chosen.
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Fig.2.8: Planar reflector

2.3 Balanced and unbalanced feeder systems

2.3.1 Introduction
Input impedance of a transmission line
When a line is incorrectly terminated the input impedance is a function of the
length, due to a standing wave of current and voltage.
For a lossless line, it can be shown that

_7 Z, + jZ, tan{ Al)

W g+ Z; tam( ) Eq.2.17

where (8 is the phase constant, (3=2#/A) and / is the line length. Resonant line
sections may be used as series or parallel resonant circuits when terminated by
open-circuits or short-circuits. For instance a quarterwave section terminated in a
short circuit offers very high impedance at resonance and can be used in filters.
Likewise a section terminated in an open-circuit offers low impedance at
resonance. Hence, short circuit terminations are more common in coaxial lines
and open circuits are used in microstrip and stripline.

For a line length of /=N4, 8i=7/2 and

n

2
i ZG i, [0
Z, Eq.2.18

This section transforms the impedance from Z, at one end to Zg‘?/ Z; at the other
end, and is known as a quarterwave transformer.
If I=N2, then Bl==
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e Eq2.19
For the case of Zy = 0 (short circuit), it can be shown that
Z, = o500k Eq.2.20

For line lengths 0 </ <N4, the section offers an inductive Zj,
Z,=ji,tanfl = joL, Eq.2.21
For the case of Zr=oe(open circuit), it can be shown that
Z, =—jZ,tan" Bl Eq.2.22

For line lengths 0 </ <N4, the section offers a capacitive Z;,

I ==&t Q== jL Eq.2.23
woC

aq

Balun fundamentals

Baluns are often a point of discussion and confusion and they serve many
applications in RF and microwave communications. Owing to their importance,
several balun (acronym for balanced-to-unbalanced transformer) designs are
described in this chapter. Many analog circuits require balanced inputs and
outputs in order to reduce noise and high order harmonics as well as improve the
dynamic range of the circuits. Baluns are key components in many wireless
communication systems for realizing components such as balanced mixers, push-
pull amplifiers, antenna-feed networks and frequency multipliers.

In some microwave applications a balanced signal excitation may be required. In
other applications, an unbalanced line may need to interface with balanced lines or
circuits. A conventional technique for transforming back and forth between

balanced and unbalanced configurations is the use of a balanced and unbalanced
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transformer, typically referred to as balun. Figures 2.9 and 2.10 show unbalance to

balance transitions for different technologies.

N

Unbalanced : o
Input L Balanced
Output

Fig.2.9: Coaxial balun

Un-balancad Input

—
Balanced Ouput

[ o

Fig.2.10: Microstrip balun

A balun is a device that presents high local impedance to radiating currents on
shielded cable. The signal of a balanced circuit structure comprises two signal
components with the same magnitude but 180-degree phase difference. Baluns are
designed to have minimum loss and equal balanced impedances. A balun is also
an impedance matching transformer that converts the impedance of one interface
to the impedance of another interface. Baluns sometimes convert impedance, but
that is an additional function that should be considered separately from their
action. In the Figure .2.11 an unbalanced transition is shown. The coaxial cable is
classified as an unbalanced line because the voltage on the outer conductor of the

cable is always at zero potential.



Transmission line
currents

Fig.2.11: Unbalanced coaxial cable

In practice we need baluns even when feeding asymmetrical antennas (such as
off-centre fed dipoles or loops), because it is not desirable for the feeder cable to
become part of the antenna system and it is necessary for the current on either side
of the antenna feed point to be equal. An illustration of the undesired currents that
flow on the outer conductor of a coaxial cable, when feeding a dipole, are shown

in Figure 2.12.

Dipole arms

1H,

b :
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Fig.2.12: Dipole fed by a coaxial cable

A balanced antenna fed by a two-wire transmission line is a balanced system with
respect to the lines, provided that the two feed points on the balanced antenna
have the same orientation and placement with respect to the lines. One reason why
we need a balun is because an unbalanced feed current affects the feed point
impedance of the dipole antenna, which causes considerable difficulty when
trying to measure the input impedance of an antenna or other device. The
antenna’s radiation pattern may also be adversely affected due to the asymmetrical
currents as well as radiation from the radiating currents on the feed line.
Wideband devices are the trend of the new wireless communications systems. To

realise these bandwidths, baluns are commonly used in antenna-feed networks.
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2.3.2 Microstrip balun
There are a wide-range of printed/microstrip balun topologies in use. They have
the advantage of being inexpensive and easily fabricated on the printed circuit
board (PCB) or Microwave Integrated Circuit (MIC) substrate. They are easy to
implement and offer good performance. Some of the more important topologies
and applications are now described. The simplest printed balun is the coupled line
balun, also called a parallel-line balun shown in Figure 2.10. The structure is a
quarter of a wavelength long at the centre frequency. It is capable of bandwidths

of over an octave, provided that the coupling between the lines is high enough.

2.3.2.1 Marchand Balun
An improvement on the parallel-line balun is a printed version of the Marchand
Balun. This is derived from the co-axial balun, described by Nathan Marchand in
1944. The printed version of the Marchand balun is shown in its simplest form in
Figure 2.13. This is more tolerant to low even mode impedance (low coupling
ratio) than the parallel line balun and has a wider bandwidth. A planar Marchand
balun consists of two coupled sections, each of which is one quarter-wavelength

long at the center frequency of operation.

Un-balanced input

O—.

o 7/ 3

Balanced Output

Fig.2.13: Marchand balun

The Marchand balun has a bandwidth of approximately one octave [39]. This
balun has broad-band characteristics and traditionally uses coupling to achieve the
180 degree phase shift. By varying the coupling factor of the coupled sections, a
wide range of impedance transforming ratios can be achieved. Different
techniques are used [25] such as adding a resistive network between the balun
outputs to achieve balun output matching and isolation. This class of matched
balun with impedance transformation capabilities is invaluable in the design of

balanced microwave circuits such as mixers, push—pull amplifiers, and frequency
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doublers. An interesting application of Marchand design is a breast cancer scanner
balun. The breast cancer detection system operates at a center frequency of 4 GHz
and frequency range 3-5 GHz. A simplified implementation of the Marchand
balun could satisfy the design criteria because the circuit must be confined to a
single plane due to fabrication limitations. An improvement of the Marchand
balun is carried out by using compensated coupled lines. It employs capacitive
compensation to equalize or compensate the phase velocity inequality in
microstrip couplers. This will increase the directivity and thus provide broadband

characteristics with good isolation.

2.3.2.2 Log Periodic Balun
The design of this planar balun structure is based on the log-periodic antenna
theory. With this structure the bandwidth that can be achieved is more than one
octave [32]). This structure consists of several half-wave resonators with lengths
that vary according to a fixed geometric ratio, 7 (<1), thus forming a Log-Periodic

structure.

Fig.2.14: Log Periodic balun

To design a log periodic balun, the lengths of the resonators and the distances

between them are related by

Y P [ Eq.2.24

Where, 7is the geometric ratio (<1), d is the distance between resonators, / is the
length of the resonators, and A is the wavelength. This design is suitable for
applications in wireless communication circuits such as mixers, amplifiers and

antennas.
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2.3.2.3 Tapered balun
The tapered balun is one of the most popular types and is widely employed as a
basic element of single and double balanced mixers. Tapered baluns are inherently
broadband devices, due primarily to the natural potential difference between
signal and ground conductors. The structure has a gradual taper in width to
increase the bandwidth performance of the balun transition. There are two basic

circuit implementations for the tapered balun (Fig. 2.15 and Fig 2.16).

Bottom
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Top conductor

Al4

Fig.2.15: Tapered batun
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Bottom
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Fig.2.16: Marchand Tapered balun

The inline-tapered balun requires a gradual taper in both the top and bottom
conductors’ widths, and the signal potential is always between the conductors.
There are many different techniques to design the taper of the conductors
(logarigmic, triangular...)[29]. The balun requires the indicated lengths for proper
operation and impedance-transformation properties. The Marchand tapered balun
has the differential output at the centre of the structure. The design of antennas
consisting of two strip dipoles, the arms of which are printed on opposite sides of

an electrically thin dielectric substrate and connected through a parallel stripline is
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shown in the Figure 2.17. A tapered balun is used to achicve broad bandwidth

[13].

o
3

g,
——
I

1

[

!

1

1

I

I

- -

Fig.2.17: Tapered balun use in a broad-band antenna

2.3.2.4 Double Y balun
The double Y balun is a new class of miniature and wideband balun which is
suitable for MMICs and wireless applications, because of the small dimensions,
simple design and impressive bandwidth. The double Y balun is based on a six
port double Y junction, which consists of three balanced and three unbalanced
lines placed alternately around the centre of the structure. In this structure, each
two opposite ports are uncoupled when the junction effects can be neglected and
the other four ports are matched. A double Y balun realized using coplanar wave
guide with ground plane to coplanar-strip is shown in Figure 2.18. The signal
incident on the unbalanced port will be equally divided between the other four
ports. Similarly, and input signal at the balanced port will also be equally divided
between the four output ports, but one pair of opposite ports will be in phase

opposition to the others.

___ B8

Fig.2.18: Double Y balun CPWFGP — CPS

In order to make a structure which works as a balun with perfect transmission
between an opposite balance and unbalanced ports, opposed pairs of lines should
have reflection coefficients with opposite phases (1.e. one pair of lines should be
short circuited, the other open circuited). However, parasitic resonances have been
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observed in this kind of balun [44]. They depend on the length of the input
transmission lines and on the specific topology of the double Y balun. They are
caused by a difference in the characteristic impedances of the lines or by different

electrical lengths of the open and short circuited stubs.

2.3.2.5 Radial stub balun
The radial stub balun is commonly used in hybrid and monolithic microstrip
circuits. When very low impedance levels are required, the behaviour of the
conventional stub degrades as a result of the excitation of higher order modes.
This kind of balun provides a low nput impedance level for a wide frequency
band. A simple design procedure is described in [29]. The radial stub is inserted in
series into the transmission line with the width of the line made as small as
possible to achieve the original radial stub structure ( a radial stub balun is shown
in Figure 2.19). The radius is about M4 and the radial stub is designed as an RF
shunt. This is done by fixing the dimension R:i and the angle « and then
optimising the radius. The bandwidth increases with increase of the angle a. A
radial stub behaves well for angles above 45°. The main application of the radial

stub 1s power supply feeding.

e ——a

—

R

Fig.2.19: Radial stub balun

In combination with a N4 transformer the short circuit is transformed into an open
circuit (Figure 2.20). The point the where stub joins the choke is the port where
the DC supply is connected. At that position, the RF signal is short-circuited. On
the other end of the choke an open-circuit is seen, so that the RF signal is not

affected by the power supply feed.
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Fig.2.20: LC balun using a radial stub balun

A very common use of the radial stub balun is a transition between the coplanar
stripline and a microstrip structure, where at resonance, the radial stub provides a
virtual short circuit and RF continuity between the coplanar strip conductor and

the microstrip ground plane.

2.3.3 Quarter wavelength balun
The “two wire” line transition is based on the well known quarter wave short
circuit sieeve or “bazooka™ balun. Because the balun has an electrical length of
one-quarterwave, the impedance at the mouth of the cable becomes infinite,
effectively suppressing the leakage current from the dipole. The “bazooka” balun
operates by sliding an additional cylinder or sleeve over the outer surface of a

coaxial cable. This sleeve is short-circuited to the coaxial 4,/4 away from the
feed point. A second coaxial transmission line is hence created with the new
sleeve being the braid of the new line and the original coaxial outer becomes the
inner of the new line. A better approach is offered by not using a sleeve, but rather
creating a two wire transmission line by attaching a second wire of nominally the
same diameter as the coaxial outer to the line. The characteristic impedance of a
two wire line is given by:

Z,= 12011{1}
Ky Eq.2.25

which results in higher values than for the coaxial situation. Some practical issues
to consider with this type of line is the fact that the balun could now introduce
asymmetry and one should position it along the braid at a position perpendicular

to the two dipole arms. A practical quarterwave balun is illustrated in Figure 2.21,
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Fig.2.21: Quarter wavelength balun

Using this kind of balun to feed a dipole with the same arm dimensions, the balun
1s soldered to one of the dipole arms at the cable sheath. The input impedance of
the dipole is modified by the loading effect of the balun, except at resonance,
where it presents an open circuit. At other frequencies, the measurements are a
parallel combination of the antenna and the balun impedance. This kind of balun
is also used on microstrip devices. As it can be seen in the next chapters a printed
dipole antenna employs a printed microstrip balun which acts as an unbalanced-
to-balanced transformer from the feed coaxial line to the two printed dipole strips.
The length of the dipole strip and the balun microstrip are both about a quarter
wavelength. An interesting application of a microstrip quarterwave balun is
illustrated in Figure 2.22, where the ground plane of the microstrip line and the
dipole antenna strips are in the same plane [10]. A via-hole is used to feed the
dipole as well as provide the same phase on the two dipole arms (points 1 and 2).
Due to the 180° phase difference between the top strip and the ground plane of the
microstrip line, feed point 2 of the printed dipole strip will have 180° phase

difference with respect to feed point 1.
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Fig.2.22; Printed dipole antenna with a quarterwave microstrip balun

2.4 Microstrip theory

One of the most popular RF transmission lines is microstrip. This kind of
transmission line is commonly used primarily because it can be fabricated by
photolithographic processes and is easily integrated with other passive and active
microwave devices. Figure 2.23 shows the geometry of a microstrip line. It
consists of a conductor of width F¥ that is printed on a thin grounded dielectric
substrate of thickness d and relative permitivity €. If the dielectric were removed
(¢,=1), one could think of the line as two-wire line consisting of two flat strip
conductors of width W, separated by a distance 24 (image theory). The behaviour
of a microstrip line is special due to two main characteristics:

The presence of a dielectric

The dielectric does not fill the air region above the strip
These features determine the behaviour of the microstrip line, because some
(usually most) of the field is contained in the dielectric region, concentrated
between the strip conductor and the ground plane, and some of the field is in the
air region above the substrate (Figure 2.24). In the case of a stripline, the fields are
contained within a homogeneous region. For these reasons, microstrip line cannot
support a pure transverse electromagnetic (TEM) wave. Microstrip lines support
quasi-TEM waves and the phase velocity and propagation constant can be

expressed as

Eq.2.26
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B=x,le, Eq.2.27

where ¢, is the effective dielectric constant of the microstrip line. Since some of
the field lines are in the dielectric region and some are in air, the effective

dielectric constant satisfies the relation,
leeg, =&,

and is dependent on the substrate thickness d, and conductor width W.

d &

¥ig.2.23: Microstrip transmission line

Fig.2.24: Electric and magnetic field lines of a Microstrip line

It can be shown that the effective dielectric constant and characteristic impedance

are given by [37]

= 1
LA Eq.2.28
2 2 J1+12d/w

P L B SR e
. 4d

€y w
Eq.2.29
Z, = L = forW/d 21
JEr [W/d +1.393+0.667In(w/d +1444)]
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For a given characteristic impedance and dielectric constant, the W/d ratio can be

calculated as:

[ 4
Ej:{ fj 2—>forW/d<2
£ =
; Eq.2.30
w 2 0.61
¥ 12 g cmea-y+ 5 e -n+039-28L s prw a2
d |\« 28, £,

where

0.23+ it
2 (o +1 £,
3Tz

T

2.4.1 Microstrip radiators
The first prototypes of microstrip antennas were developed in the early 1970’s.
They have been used in different applications exploiting their numerous
advantages. There are many types of flat profile printed antennas: the microstrip
antenna, the stripline slot antenna, the cavity backed printed antenna and the
printed dipole antenna. The characteristics of these antenna types are compared in

Table 2.1.

Characteristic Microstrip Stripline Slot Cavity Backed Printed Dipole
Antenna Antenna Printed Antenna Antenna
Profile Thin Not very thin Thick Thin
Fabrication Very easy Easy Difficult Easy
Polarization Linear and Linear Both linear and Linear
circular circular
Dual Fregq. Possible Not possible Not possible Not possible
Operation
Shape Flexibility Any shape Only Other shapes Rectangular
rectangular possible and triangular
Spurious Exists Exists Doesn’t exist Exists
Radiation
Bandwidth 1-5% 1-2% ~10% ~1 0%

Table 2.1: Comparison of various flat profile printed antennas
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Microstrip antennas consist of a radiating patch (copper conductor usually) on one
side of a dielectric substrate (normally low, €,<10) and a ground plane on the other
side. Some of the principal advantages of microstrip antennas compared to

conventional microwave antennas are:

- Lightweight, low volume, low profile planar configurations

- Low scattering cross section

- Linear, circular (LH or RH) polarizations are feasable with simple
changes in feed position

- Dual frequency antennas easily made

- Compatability with modular designs

- Feed lines and matching networks are fabricated simultaneously

However, microstrip antennas also have disadvantages such as:

- Narrow bandwidth
- Poor isolation between the feed and the radiating elements
- Possibility of excitation of surface waves

- High costs

2.5 Electromagnetic Modelling Technique

CST Microwave Studio is a specialist tool for the quick and accurate simulation
of high frequency problems. It is based on a Finite Integration Technique. The
Finite Integration Technique (FIT) developed by Weiland in 1977 [7] is a
consistent discretization scheme for Maxwell’s equations in their integral form.
The resulting matrix equations of the discretized fields can be employed for
efficient numerical simulations on modern PCs. The simulated structure and the
electromagnetic fields are mapped to a hexagonal mesh. The mesh ensures a good
compromise between the need of an accurate structure and field discretization and
short simulation time. The way a structure is discretized strongly influences the
accuracy of the results. In theory, the results converge against the “continuous
world” results when the mesh size gets smaller and smaller until the discrete
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lengths become differentials. A very fine mesh has a great number of mesh cells
and with this a great number of unknowns to be solved. For smaller mesh steps
sizes the time domain solver needs smaller time steps to remain stable. The time
domain solver is based on an Inverse Fourier Transform Technique and calculates
the development of fields through time at discrete locations and at discrete time
samples. Every structure has to have at least one port where the fields can
propagate into or out of the structure. At these ports, voltages and currents are

monitored that are the input and output signals of the structure.

Time domain signals S-parameters derived using IFT technique

Fig.2.25 Time domain solver operation

According to these signals the transfer functions of the structure are calculated. At
this stage the structure can be seen as an abstract system with mput and output
signals that are related by the calculated transfer functions, in our case the

scattering parameters (S-parameters).

2.6 Scattering Parameters

High frequency systems have a source of signal power. A portion of this signal
power is delivered to a load by means of transmission lines. Voltage, current, and
power can be considered to be in the form of waves travelling in both directions
along this transmission line. A portion of the signal incident on the load wiil be
reflected. It then becomes incident on the source, and in turn reflects back from
the source (if ZS = Zo), resulting in a standing wave on the line. If a a two ports

network 1s inserted into the transmission line, additional waves exist (Fig.2.26).
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Fig. 2.26: Transmission line with a two port network

In order to relate these four travelling waves, some parameters set are defined. H
parameters are presented as follows:

Vi=hpt +hp,

Iy =hyply +hyV, Eq.2.31
Vl =E1'1+Erl Eq2 32
VemEy +E, o

E i+ E Eo+E
]1= il rl 12: i2 r2

Zo Zo Eq.2.33

By substituting the expressions for total voltage and total current Eq 2.33 on a
transmission line into this parameter set, we can rearrange these equations such
that the incident travelling voltage waves are the independent variables; and the

reflected travelling voltage waves are the dependent variables Eq 2.34.

E, = fuhEy + fia(WE;,
E, = fu(MEy + fra(ME

Eq.2.34
The functions £}, f21 and fi2, f>» represent a new set of network parameters relating
travelling voltage waves rather than total voltages and total currents. In this case
these functions are expressed in terms of H-parameters. They could have been
derived from any other parameter set. This new parameter set is called “scattering
parameters,” since they relate those waves scattered or reflected from the network
to those waves incident upon the network. These scattering parameters will

commonly be referred to as S-parameters. If we divide both sides of these
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equations by Zo, the characteristic impedance of the transmission line, the

relationship will not change. It will, however, give us a change in variables.

EEH a l?E
a = 2 =
,/Z ,/Z
, : Eq.2.35
t;rl £2r2
b] _ bz =

The square of the magnitude of these new variables has the dimension of power.
|al]2 can then be thought of as the incident power on port one; |bl|2 as power
reflected from port one. The new set of equations relates these four waves in this
way:

bl =354y +5),4a, qu,2.3(3

by =858, +Sxpa;

The S-parameters are measured as follows:
For S11, it 1s terminated the output port of the network and measure the ratio bl to
al

W s Eq.2.37

D g0

Terminating the output port in an impedance equal to the characteristic impedance
of the transmission line is equivalent to setting a2 = 0, because a wave incident on
this load will be totally absorbed. S11 is the input reflection coefficient of the
network. Under the same conditions, it can be measured S21, the forward
transmission through the network. This is the ratio of b2 to al

S5 =—% Eq.2.38

Ilg2=0

This could either be the gain of an amplifier or the attenuation of a passive
network. By terminating the input side of the network, it is set al = 0. S22, the
output reflection coefficient, and S12, the reverse transmission coefficient, can

then be measured:

Eq.2.39




CHAPTER 3:

STUDY OF MICROSTRIP PATCH ANTENNAS

3.1 Introduction

In this chapter the design, modelling and fabrication a microstrip patch array
antenna for the 2.45 GHz Industrial, Scientific and Medical (ISM) band is
described. This band is currently allocated to wireless applications employing the
IEEE 802.11b, g and Bluctooth standards. The microstrip antenna is known for
narrow bandwidth, but it is the first antenna investigated here because it has a well
known performance and is used primarily as an evaluation of the modelling
(including the electromagnetic solver software) and measurement techniques.
Firstly, the design of a single patch antenna is carried out to determine appropriate
dimensions and learn about the modelling accuracy. Initially, an empirical method
is used to determine the patch dimensions; in this case the antenna is a half-wave
rectangular patch. Finally an electromagnetic solver is used to model the antenna
and optimise the results. An array of four microstrip patches is also developed for
increased gain. The return loss, input impedance, bandwidth, gain and radiation

patterns are the main parameters examined, both experimentally and numerically.

3.2 Single patch design

An empirical method is used [3] to find initial patch dimensions. The dimensions
required are the patch length L, the width w and the thickness 4. As the patch is
square, w and L will have the same value, as shown in Figure 3.1. The dielectric
substrate chosen for the antenna is Rogers RT/duroid 5870 because of the
features; very low electrical loss for reinforced PTFE, good isotropy, uniform
electrical properties over frequency and excellent chemical resistance. The
dielectric constant of this laminate is uniform from panel to panel and is constant
over a wide frequency range. We have used a laminate of 4 =3.18mm and a

relative permittivity of £, = 2.33 + 0.02 with a loss tangent of tan § =0.0012. These

were chosen because low permittivity and large thickness, yield a high radiation
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efficiency (98%). If the relative permittivity is large and /4 is thin, then the
efficiency could be as low as 50%. Hence values of /2 and &, are chosen; 3.18mm
and 2.33 respectively. Obtain a value for Z, an iteration process is carried out. The

first value of L is obtained using Equation 3.1.

v &
2/, \/E Eq.3.1
AZ
sl Dielectric
Metallic patch 0 "y substrate

% \

Feeder line

Ground plane

Fig.3.1: Single patch anterma and coordinate system

Using 2.45GHz as the frequency f, L = 40.lmm. Now the effective relative

permittivity is calculated using

e +1 g -1 1
PPl S S Eq.3.2
AT 2 [\/1+12h/L] 1

Therefore £,,= 1.66, so the value of the fringe factor AL can be found using

Equation 3.3
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(&, +0.300) (w/h +0.262)

AL = 0.412h
(6, —0.258) (w/h+0.813) Eq.3.3

Since w=L, then AL = 1.75. Now the new value of L is given by

2foneyg Eq.3.4

hence L was found to be 37mm.
3.3 Simulation of microstrip patch

Simulation of the patch antenna using the above dimensions is carried out using a
full-wave (uses all 6 Maxwell’s equations) electromagnetic solver CST
Microwave Studio. A single patch is simulated using the dimension previously
calculated L and the parameters of the chosen substrate on a ground plane of size
100mm x 100mm. Initially we determined the patch edge impedance. This yielded
a value of 319 + j0.1Q for the edge at a frequency of 2.439 GHz (Fig.3.2). A
quarter wave matching section with Z, = 126.29Q is then used to reduce that
impedance to 50€. The free-space wavelength for 2.45GHz is 122mm so the
quarter wave length is 30.6mm and an electrical quarterwave in the substrate is
20.05mm, which is the required length of the transformer section. Figure 3.3
illustrates the simulated return loss of the patch with the matching section. The
return loss was greater than 10dB over the frequency range 2.444 GHz to 2.504
GHz.
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Fig.3.2: Smith Chart showing the impedance at the edge of the patch
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Fig.3.3: Simulated Return loss versus frequency for the patch with matching section
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3.4 Fabrication and Measurements

The antenna was then fabricated by exporting the 2D shape of the designed
element as a DXF file from the EM solver. This file is input to a CAD package,
which in turn, is transferred to the the LPKF milling machine, which cuts the
patch antenna. To feed the antenna an SMA launch connector is soldered at the
end of the feed line. The S11 is measured using a Rohde and Schwarz vector
network analyser (VNA) as shown in Figures 3.4 and 3.5. The radiation pattern is
also measured using the VNA and a turntable (sece appendix AS). Figure 3.4

illustrates the behaviour of the return loss between 2 and 3 GHz.
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Fig.3.4: Measured Return loss over wide band (1-6 GHz)
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Fig.3.5: Measured Return loss versus frequency for the single Patch
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3.5 Optimisation

In Figure 3.5 it can be seen that the resonant frequency doesn’t quite agree with
the simulated value. The measured value is 2.53GHz. The difference is 60MHz
which is a percentage of 2.44%. To avoid this discrepancy the dimension of the
patch is increased slightly to get a lower resonant frequency. Now the patch sides
have L=37.8mm. In the Figures 3.6 and 3.7 we can observe that the measured
radiation patterns are in good agreement with the simulated ones. As can be
observed, the shape of the patterns is somewhat different behind the ground plane,
but that is not critical in this case. These differences can be caused by radiation
from the feedline or connectors, which are not modelled. In both plots the gain is
normalised. In the simulation we got a gain of 7.5 dBi and experimental plots

have been normalised to this value.

H Plane

90
120 60

=~ measurement
== simulation

150

180

Fig. 3.6: Radiation pattern for single patch, E-plane (ZX-plane)
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Fig.3.7: Radiation pattern for single patch, H-plane (ZY-plane)

3.6 Array Design

The array consists of four single patch elements, fed with equal phase. All of them
have the same dimensions (37.8mm per side). The substrate is the same that we
used for the single patch except the ground plane size is 150mm x 150mm. The

structure of the antenna consists of 2 x 2 patches, as can be seen in Figure 3.8.

3.7 Array Spacing

The spacing between the patches needs to be identical; the symmetry is required
because the radiation pattern and the return loss are sensitive to the spacing. If the
distance ¢ between two patches is d = Ay, there can be problems with undesirable
grating lobes in the radiation pattern, and for maximum gain, the spacing d should
be equal to 0.5 49 We chose 0.6A which achieves high gain and allows adequate

spacing for feed lines.

D=0.64¢
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Fig.3.8: Dimensions and array spacing

d

3.8 Calculation of the feed lines

Different sections of feed lines are used to feed the patches. The 319 Q edge
impedance was reduced to 100 € using a quarter wave section of Zy = 178.60 Q
(the same line is used in the four patches). The 100 lines are combined for two
patches, to make a 50Q impedance. This 1s raised to 10002 again by a quarter
wave section of Zg = 70.71 Q. Then the 1002 are combined at the centre to
produce a 5002 input impedance. Figure 3.9 illustrates the modelled array with its

feed lines. The dimensions have been calculated with the electromagnetic solver

software (see appendix A6).

Fig.3.9: Modelled microstrip array and different feed lines
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3.9 Simulation and fabrication

CST Microwave Studio was also used to simulate the array. The different line
lengths and widths required were calculated using the solver. (see appendix A6).
The primary purpose of the simulations was to identify the optimum feeding
system and the optimum feed point. Different configurations were tested. As we
can see in Figure 3.10, the antenna is well matched at 2.41 GHz. A discrepancy

between the simulation and the measurement still exits.
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Fig.3.10: Return Loss for the microstrip array

The antenna has been fabricated using the same process that it was used for the
single patch. An SMA connector was used to feed the antenna. In the Figure 3.10
we can observe that the measured return loss is somewhat poor if we compare it to
the simulated value. But in this case the resonant frequency 2.434GHz is very

close. The secondary purpose is to compare the radiation patterns obtained by

simulation and measurement. The radiation patterns are normalised to maximum

gain (Fig. 3.11 and Fig.3.12). In the simulation we obtained a gain of 12.49 dBi.
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Fig. 3.11: Radiation pattern for 2x2 array, E-Plane (ZY -plane)

E Plane

=C= measurement
— — simulation

Fig.3.12: Radiation pattern for 2x2 array, H-plane (ZY-plane)

The plots show good agreement between simulated and measured results. The
front-to-back ratio is greater than 20 dB in both planes, which realises a highly

directional antenna array.

3.10 Gain Measureinent
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The absolute gain method [14] is used to calculate the gain of the antennas (single
patch and array). To use this method, two identical single patch antennas are built
with the dimensions that we obtained in the optimisation (see 3.4). Figure 3.13

illustrates the system used to measure the gain.

A

Fig. 3.13: Two antenna system for the measurement of antenna gain

The gain is given by

P
G,=G6G; :%[2010g[%}—1010g(}}ﬂ B35

where G, and G,are the antenna gains expressed in dBi, P and P are the

r

transmit and receive powers expressed in Watts and 4 is the distance between both

antennas. To get the ratio between 2 and P., we measured the Sy parameter

with the network analyser. The value that we obtained is just the ratio between the
powers. The distance that we used was d = 0.6m and 4= 0.122 for 2.45GHz.

Taking in account the feeder loss, the equation is

P
&, =G, = %{2010g(%)+14ﬁm, —IOIOg(F'H Eq.3.6

»

where the measured feeder loss was L, = 5.5dB

The gain is found to be 6.45dBi. There is a small difference (0.4 dB) between the
calculated value, based on measurement and the simulated value, which is 6.85
dBi. This discrepancy is mainly due to the reflections in the measurement set-up,

as a far-field anechoic chamber was not available. To measure the gain of the
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microstrip array we just substitute one of the antennas in the system (Fig. 3.12)

with the array and we used Equation 3.7

P
G, = {2010g[£—{£)+LﬁeM —1010g{ﬁpij—(?ﬂ} Eq.3.7
A

r

where G, is the gain of the array and G, is the known gain of the single patch,
6.45dBi. Then the gain is G = 12.57dBi. The simulated value was 12.5dBi, so the

agreement with measurement is very good.
3.11 Conclusion

The results obtained show that the microstrip antenna is suitable for narrowband
wireless communications, with the 2.4-2.5 GHz bandwidth achievable with a
single patch element. However, the laminate is costly and if higher directivity is
needed, the bandwidth is not realisable when an array is used, which also has
implications for manufacturing tolerances. It is also important to highlight that
dual polarization is hard to achieve using patches. That is because it is very
difficult to define the suitable place for the feeding points and isolate them, thus it
would be hard to obtain reasonable input impedance and good isolation results.
Due to the limitation of bandwidth, cost and isolation for these microstrip
antennas, no further work on the microstrip antenna will be carried out.

However, very good agreement has been obtained between experimental and
simulated work, which validates the modelling software and measurement
techniques involved. With this the main objectives of this chapter have been

covered and in the next chapters CST will be used to design the antennas
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CHAPTER 4:

CROSSED DIPOLE ANTENNA

4.1 Introduction

Polarization agility is desirable for modern wireless communications. Two
crossed elements make possible the application of polarization diversity in order
to reduce the deep fades that may affect the signal envelope. Because different
linear polarizations reflect and penetrate surfaces differently depending on the
angle of arrival and material type, the most effective way to propagate or
penetrate inside buildings is to use a dual or a circular polarized antenna. This
allows for more continuous coverage in indoor environments than a purely linear
polarized signal, and significantly increases the probability of maintaining the
link, so that is the main reason to design this kind of antenna. Wire antennas are
probably the simplest types of antennas, and most of the earliest antennas (e.g.,
used by Hertz and Marconi) were of this type. Wire dipoles and monopoles
mounted on a ground plane are most commonly used at lower frequencies (HF to
UHF) and have relatively low gains. On the other hand, printed antennas are a
relatively new type of antenna consisting of printed conductors on a microstrip or
similar type of substrate, and are thus compatible with planar microwave circuit
technology. Printed antennas usually operate at microwave frequencies and have
low gains. To get a good performance from a dipole, it should be resonant. This

requires the dipole to be slightly less then half a wavelength long.

4.2 Initial theory and design
Initially the theory based on the wire dipole 1s used. This theory [29] states that

for a cylindrical dipole, the dipole length for the first resonance is given by

L=04844, Eq.4.1

where L is the length of the wire dipole, % is the free-space wavelength, 7 is the

radius of the dipole and A is the length-to-radius parameter for the dipole given by
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A= Lir Eq.4.2
1+L/r

o=t e

Fig. 4.1: Length of a dipole

The frequency of operation is 2.45 GHz, so the wavelength for that frequency is
0.122m. Supposing that 4 is 1, the length is 0.06m (60mm), this approximation is
used when the wire is very thin (the radius is very small). For a thick wire, 4<1
and, using a radius of 0.5mm, it is obtained 4=0.9917, hence L = 0.05950m from
Equation 4.1. In our case the conductor is not circular so it is necessary to take an
equivalent radius, [0] for a thin flat sheet of width, W, the equivalent radius is

given by

r=— Eq.4.3

The selected length is W= 6.24mm, then r. is 0.9931mm. Using that value in
Eq.4.2, it is obtained 4 = 0.9837, hence the length becomes 0.0590m from Eq.4.1.

4.3 Modelling of printed dipoles

Strip dipoles printed on electrically thin low-permittivity substrates behave
similarly to ordinary dipoles. Working with planar antennas and following the
theory of equivalency between wires and planar structures, the size of the

antennas has to be modified.

4.3.1 Simulation: Printed strip dipole
As in chapter 3, CST Microwave Studio was employed to model and simulate the
antenna. Figure 4.2 shows a dipole printed on a substrate with a relative

permittivity of 4.3 (FR4) which is centre-fed. The width of the dipole is 6.2mm
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and the length is 19mm per “arm”. The thickness of metallization for the dipoles

is 0.035mm and the substrate thickness is 1.524mm.

Fig. 4.2: Single printed dipole
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Fig.4.3: Simulated return loss vs frequency for single printed dipole

Figure 4.2 shows the return loss plot for the dipole over frequency (2GHz to
4GHz). The return loss was —41.35dB at 2.54GHz and the bandwidth was
500MHz (2.32GHz to 2.83GHz). Both results meet the specifications and they

allow us to go on with the next steps.
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4.3.2 Dual polarized dipoles
To obtain dual polarization, a pair of orthogonal dipoles is modelled as illustrated
in Figure 4.4. Both dipoles have two arms completely equal and the four arms are
symmetrical and orthogonal. Both dipoles are feed across the centre gaps.
Observing S11 in Figure 4.5 and comparing with results for S11 for a single
dipole, it is noticeable that the return loss is worse and the resonant frequency is
somewhat shifted. The isolation between ports, S21 is very poor at the resonant

frequency, which means coupling between orthogonal dipoles has to be reduced.

Fig.4.4: Orthogonal dipoles
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Fig.4.5: Simulated return loss and isolation vs frequency for orthogonal dipoles
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4.3.3 Addition of a reflector

To improve these parameters and to achieve the desired radiation pattern, a

reflector was introduced 0.24, from the rear of the substrate. The results were still

poor. Parameters such as, reflector-to-dipole spacing, dipole length and substrate
thickness, were varied. The results have improved a little, but a poor isolation and
bad return loss are obtained (Figure 4.7). Different kind of variations such as
increasing the gap between the dipoles was undertaken, but the results were still
poor. The final dimensions of the reflector are 127 x 127mm square and with

1mm of thickness which is symmetrical with respect to the centre of the dipoles.

Fig. 4.6: Orthogonal dipoles & reflector
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Fig. 4.7: Simulated return loss and isolation for orthogonal dipoles & reflector

More than 1GHz of bandwidth is obtained taking in account the values with return
loss greater than 10dB. The impedance at 2.4GHz, is 21.29 — j0O Q. It can be seen
that Figures 4.5 and 4.7 present the same result for S21 and S12 (something

reasonable), that is the reason why just S12 is shown.

4.3.4 Addition microstrip feeders
In this stage of the simulation, in order to improve the results suitable matching
feeders were used. Initially the type of matching system had to be chosen and due
their simplicity microstrip feeders were chosen.
A balun feeder system is necessary to work with the balanced dipole antennas.
There are different ways to develop a balun with microstrip as it can be seen in
chapter 2. Triangular taper was selected [29] because this offers a wide bandwidth

and was suitable for our structure. Two microstrip feeders with a length of A4,

were designed. This length was used because the first null for the reflection
coefficient magnitude response [29], 8L, occurs at 8L =27. From Equation 4.4

g = 2; Fq.4.4
then L is equal to A .
The microstrip feeders were printed on a substrate with & of 4.2 and 0.762mm of
thickness (GML 1000), substrate designed for wireless communications, the

dielectric constant 1s low and stable when used over broad temperature and
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humidity operating ranges). The low value of thickness helps to reduce radiation
from the feeders lines.

Figure 4.8 shows the feeder printed on the substrate. Both feeders have the same
dimensions. The taper has to transform 21.29 Q to 50 Q. These widths are
calculated with CST Microwave Studio (see appendix A6). It is obtained a value
of 4.7mm for 21 Q, impedance at 2.45GHz and 1.8mm for 50Q. The feeders’

metallization thickness is 0.035mm.

Reflector dinole

- Feeder2

Substrates

Feeder 1

Fig. 4.8: Dual polarized antenna, microstrip feeders

The ground plane for these feeders is a stripline and is shown in figure 4.9, This
acts as part of the balun. The stripline is located between the two substrates (GML
1000). It is connected to the dipoles through a brick or via. The stripline has also a

similar path to the feeders close to the dipole.
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Fig. 4.9: Stripline , Plane XY

4.4 Simulation and manufacturing

Finally the antenna was built (see appendix A2) with the same process that was
used in the chapter 2. In this section some measurements (where one port is
terminated) are compared with the results obtained from the simulation. Figures
4.10 and 4.11 show the return loss and the isolation of the antenna, Unfortunately
the agreement is again poor. Figure 4.10 presents a bandwidth of 1GHz (from
2.025GHz to 3.09GHz) which was achieved by simulation and a bandwidth of
450 MHz (from 2.1GHz to 2.55GHz) obtained by measurement. These results are
acceptable because in both cases a wideband of operation was obtained. This
discrepancy between them is due to the complexity of the antenna. As expected,
the isolation between the ports is still very poor. To measure the isolation a
different procedure was used. In Figure 4.11 it can be observed that the measured
isolation is a little worse than in the simulation. At 2.45GHz, a value of 5dB is

obtained.
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Fig.4.10: Return Loss for the dual polarized antenna
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Fig. 4.11: Isolation for the dual polarized antenna

4.4.1 Radiation patterns and gain measurements
Radiation patterns are illustrated in figure 4.12. Both patterns are normalised to
the maximum gain. In the simulation a gain of 7.5dBi was obtained. The

simulated radiation efficiency is 87%.
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Fig.4.12: Radiation pattern for dual polarized antenna. H plane (ZX)

Figure 4.13 shows the squint obtained in the simulation. The main lobe direction
is at 7 deg, so the squint at 2.4GHz is 7deg. This squint was found to be frequency
dependant because at 2.6GHz it has the main lobe at 1 deg and at 2.8GHz the

main lobe is at -3 deg.

Main lobe ditection

Fig.4.13: 3D Radiation pattern for dual polarized antenna. Illustrating the squint

The substitution method was used in chapter 2.9 has been used to measure the

gain of the antenna. Then, using the Equation 2.6, where L Jeeder = 9-5dB, d 18 0.6m,

Gy is 12.5 dBi and G, is the unknown gain. Therefore the gain of the dual

polarized antenna is 4.5 dBi.
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4.4.2 Optimisation
A second design was carried out to improve the results. Initially it was thought
that phase differences in the feed lines might be the reason for the squint. Then the
microstrip feeders were redesigned. The feeders’ length and the ground plane size

were reduced (see Figure 4.14).

¥ dipoles.

\ feeder

Fig. 4.14; New design of the dual polarized antenna

Initially, the length of the feeders and the ground plane was established to 0.35 4.
The isolation did not improve and the resonant frequency was not in the correct
frequency range. To move the resonant frequency the lengths of the dipoles were
changed. After some tests with different lengths it was demonstrated that the taper
balun wasn’t working. The feeders were behaving like part of the antenna, and
contributed to the radiation. After some rework, the feeder length was set to 0.2 4.
The results for these dimensions are shown in figure 4.15 and 4.16. In the return
loss (Figure 4.15) a bandwidth of 350MHz (from 2.25GHz to 2.6GHz) was
achieved. As can be seen in Figure 4.16, the poor isolation has not been improved.

That is due to the strong coupling between the ports.
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Fig.4.15: Simulated return loss for the new dual polarized antenna
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Fig.4.16: Simulated isolation for the new dual polarized antenna
The other important parameter in this chapter is the squint. With the new design
the squint has been removed at 2.4GHz. Figure 4.17 illustrates the 3D radiation

pattern of the new design. The main lobe direction is at 0 deg. A simulated gain of

8.25dBi1 was obtained.
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Fig. 4.17: 3D Radiation pattern for dual polarization antenna. No squint

The optimization of this performance is based on the reduction of the antennas
size, something very important in terms of material cost and visual impact, and in
the disappearance of the squint, thus the radiation patterns are optimum for base
station requirements.

It should be mentioned that there were many problems with simulation, due to the
orthogonal nature of the antenna. The software CST Microwave Studio has a
special way to set the mesh (see appendix A7). CST uses two different coordinate
systems, a global system and a local coordinate system. The local system (see
appendix A7) was used to model the antenna, and the dipoles were oriented using
this coordinate system. Many days were spent trying to set proper meshing
parameters (increasing the number of cells or varying the lines per wavelength).
Finally it was noticed that the problem was that the ports should be orientated in
the direction of the global coordinate system (XYZ) because the mesh plane can
only be oriented in those directions. To correct the problem and in order to run the
simulation, the antenna was re-oriented by 45 degrees. However, it was decided to
investigate another feed method for the crossed dipole, in order to achieve better

isolation.

4.5 Conclusion

In this chapter a tapered balun was selected to feed the crossed dipole antenna.

The dipole itself is fabricated of low-cost laminate which offers a small amount of
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miniaturisation due to the relative permittivity. It has been demonstrated
experimentally in this chapter that this feeding network yields very poor isolation.
The obtained bandwidth is much greater than the desired bandwidth which has
been described in chapter 1. Unfortunately the isolation doesn’t match with the
objectives. This resulted in a poor antenna performance in that squint exists in the
radiation pattern, due to a phase offset between dipoles due the feedlines
radiating. The poor isolation was a contributory factor. This led to significant
inefficiencies making this antenna uncompetitive. There are other options for the

feed network, which need to be investigated and these are discussed in Chapter 5.
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CHAPTER 5:

CROSSED DIPOLE ANTENNA WITH IMPROVED
FEED SYSTEM

5.1 Introduction

This chapter describes the steps taken to improve the performance of the crossed
dipole element developed in Chapter 4. The main objectives of this investigation
(see Chapter 1), were to obtain a reasonably wideband element (more than
100MHz bandwidth), with good isolation (better than 20dB) between ports and
high gain (approx 7dBi). A low profile and low cost are also necessary. Various
simulations and models were evaluated before a fabricated version was realized.
A different balun system is adapted to the desired structure

5.2 Modelling

5.2.1 Substrate effects

The finite integration time-domain technique using CST Microwave Studio was
used to simulate the structure. Figure 5.1 and Figure 5.2 show the performance of
a dipole printed in free space and on substrate. Different dielectric constants (three
different permittivity values, ¢, = 2.3, ¢, = 3.2 and ¢, = 4.3) and five different
substrate thicknesses (4 = lmm, 2 = 0.8mm, 42 = 1.6mm, 2 = 2mm and # = 3mm)
have been simulated varying the length of the dipole (/ = 48mm, /= 44mm, /=
42mm, /= 40mm and /= 36mm). The length of the gap, g, is 6 mm.

Ly

Fig.5.1: Half-wave dipole printed in free Fig.5.2: Half-wave dipole printed on
space snbstrate
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The influence of the relative permittivity of the dielectric substrate on the dipole
resonant frequency was investigated. It can be seen from Figure 5.3, that at 2.45
GHz, the overall dipole length 1s reduced from 49 mm in free-space to 41 mm
when printed on 1 mm thick FR4 (standard PCB material) substrate (€~4.3)
which has a loss tangent of 0.2 (see Appendix 8 to check the obtained results for
other thicknesses). The dielectric effect increases the electrical length. It also
reduces the bandwidth of the dipole as shown in Figure 5.4. It can be seen that
maximum bandwidth is achieved in free-space. The bandwidth achievable when
printed on a laminate of relative permittivity 4.3 is 370 MHz, according to
simulated results. This is somewhat less than the free-space value, but the reduced

size is necessary.

Centre frequency {MHz)

Fig. 5.3: Centre frequency versus dipole length (/) for different substrate permittivity.
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Figure 5.4. Effect of printing the dipole on dielectric laminate (1mm thick) versus impedance

bandwidth, for different values of relative permittivity.

5.2.2 Single printed dipole
As it has been shown in Chapter 2, microstrip is a structure that supports different
configurations. A quarterwave balun is one of them. This kind of feeding network
was selected due to its proven performance and features. This network offers the
possibility of designing each feeder varying just a minimum number of
parameters. Initially a single dipole was modelled. Figure 5.5 shows the
dimensions and the configuration of the first model, where one printed dipole is
fed using a quarter wavelength balun. At 2.5GHz and using a substrate of relative
permitivity equal to 3.2, the electrical quarter wavelength (N4) is 16.76mm. The
dipole is printed on a substrate with permittivity of 4.3 and 1mm of thickness, the
dipole arm length (!) is 17mm and the gap (g) is 6mm. As it can be seen in Figure
5.5 and 5.6, the feeding structure consists of two vertical elements connecting
each dipole with the ground plane (a rectangular hole was realized in the substrate
in order to facilitate the connection). Each vertical element comprises a shorting
strip feeder. This type of balun is based on the well-known resonant line section
terminated by short circuit. Its double purpose is to transform the unbalanced
current distribution of the input transmission line into the balanced one of the
dipole while an impedance match i1s provided. The connection betweens the
dipoles and the ground plane is done at 17mm from the dipole, what means that

the grounding is at V4 distance. The width of the strip feeder is 2mm that

13



corresponds to an impedance of 50Q and the feeding point is at 25mm from the

dipole (Figure 5.6).

A4

«
Feeding point

Fig. 5.5: Quarter wavelength balun structure Fig. 5.6: Quarter wavelength balun structure

Figure 5.7 presents the simulated results for the return loss obtained using CST
MWS. As it can be observed, the dipole is resonating around the frequency band
of 2.5GHz which is the desired frequency but the return loss is poor. It needs to be
greater that 10 dB over a wider frequency range. Different modifications and
variations are modelled and tested in order to achieve a better reflection
coefficient. Figure 5.8 shows the improvement obtained due to the optimization of
the feeder width. The width of the feeder strip is 0.8mm which corresponds to a
81.3Q line (&, = 3.2), a high impedance line. The other parameters are identical to

the first model.

SParameter Magnimude n dB

Frequency [/ Gz

Fig. 5.7: Return loss for a single dipole using a quarter wavelength balun
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Fig. 5.8: Return loss for a single dipole using an optimized quarter wavelength balun

5.2.3 Crossed printed dipoles

In this section, a printed crossed-dipole antenna is designed and modelled using
the quarterwave balun. An identical dipole was orthogonally added to the single
dipole printed structure. A bigger hole was realized to permit the connection of
the second dipole balun. Figure 5.9 shows the way of how the grounding of both
dipoles was modelled. As it can be seen in the Figure a metal square ring makes
possible the short circuit and thus the balun operation. The short circuit is located
at M4 distance from the dipole. The strips used to feed the dipoles are 1mm thick,
the width of the four microstriplines is 3.6mm and the feedpoint for both dipoles
is 25mm from the dipole. The strip feeders are connected to the dipoles through

perpendicular conducting bridges that are positioned at different heights.

5

Fig. 5.9: Feeding structure for crossed dipoles
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Figures 5.10 and 5.11 show the simulated return loss and the isolation

respectively. The differences obtained between S11 and S22 in both figures are

due to the bridges location. It is the only place where the structure is not

symmetrical. In both Figures it can be observed that a resonance appears at 2GHz

in the second port, this is due to an error in simulation. The return loss obtained 1s

good around the required frequency band and the isolation achieved is

considerably when the tapered balun is used (Ch 4). It can be seen in Figure 5.10

that the measured 10dB return loss bandwidth obtained is greater than 340 MHz.

Fig. 5.10:
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Fig. 5.11: Isolation for crossed dipoles using a quarter wavelength balun

One of the objectives of this design consists of achieving a directional antenna. To

obtain directivity a parasitic reflector (35mmx35mmx2mm) is centrally added at

the base of the structure at M4 distance from the dipole. The parasitic reflector
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was not connected to the short circuit of the feeders in the first simulated model

(Figure 5.12).

Fig. 5.12: Parasitic reflector centrally mounted

The return loss deteriorated and a bandwidth of around 150MHz was obtained. A
different model was simulated where the parasitic reflector was located at 18mm
distance from the dipoles, lmm lower than the short circuit. The results achieved
with the modified model improved the return loss results (bandwidth greater than
200 MHz). Figures 5.13 and 5.14 show the obtained results. It can be observed

that the resonance is centred at 2.5GHz.

SParameter Magntude N @B
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Fig. 5.13: Return loss for crossed dipoles and a parasitic reflector using a quarter wavelength balun
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Fig. 5.14: Isolation for crossed dipoles and a parasitic reflector using quarter wavelength balun

Various changes to the geometry of the feed network were made to improve the
bandwidth and isolation. The substrate of the feedlines was changed, a dielectric
with a relative permittivity of 4.3 was chosen. Then, the reflector separation was
reduced, as was the short circuit, specifically at 14.75mm because the M4 for the
new permitivity is 14.75mm at 2.45GHz. The feeder strip was substituted by a
transformer realized by employing different strip widths, with the objective of
achieving the best feeding network to match the input impedance of the dipoles.
By observing results of the scattering parameters S11 and S22 in the simulated
Smith chart the relationship between the different parts of the transformers lines
was clarified. Fig 5.15 illustrates a model where most of the elements have been
hidden in order to show just the transformer lines clearly. The transformer
consists of two parts, the first one is 1.6mm width that corresponds to 509 line (e,
= 4.3) and the second one is 2.4mm thick which corresponds to 38Q line, thus a
transformer that transforms 50Q to 28.8Q. The junction of both lines is done at
N4 from the dipoles. In Chapter 2 it has been explained that the impedance of a
short and thick dipole is smaller than that of a thin dipole with the same overall
dimensions. Using that feeding network a very good resonance was obtained at

2.5GHz but also a very narrow bandwidth, therefore the design was not approved.
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Fig. 5.15: Transformer lines

The next parameter investigated was the dipoles shape. Many different shapes
were simulated and evaluated. Variations on the crossed dipole shape were made
to increase the bandwidth as shown in Figure 5.16 and 5.17. All the modifications,
variations and simulations realized on the antenna structure provided a valuable
background understanding which led to the final stage. The triangular shape (Fig.
5.16) was evaluated because it is one of the most famous shapes for printed
dipoles due to its good behaviour with wideband performances. The biconical
antenna is used in Electromagnetic Compatibility (EMC) and radiation pattern
measurements and that is because its recognized wideband behaviour and
accuracy. Knowing that and trying to reproduce the same effects in the
investigated antenna, the biconical shape (Fig. 5.17) was adapted to a planar
printed scenario (the classical biconical antenna is either solid or made with wires

and it is three-dimensional).

Fig. 5.16: Triangular shape Fig. 5.17: Combined shape
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5.3 Final design

In order to drive the design to its final stage, a few parameters were finally
changed. The experience obtained over the previous chapters and sections has
been invaluable. First of all, the size of the parasitic reflector has been increased.
With this variation the antenna achieves higher gain, a better front to back ratio
and return loss. The final separation between reflector and dipole is 14.75mm. In
order to maintain a good isolation, many efforts were invested in the design of the
new shape of the dipoles. In order to avoid coupling between both dipoles, the
angle of the wing-shape was carefully modelled. Finally, as shown in Figure 5.18,
orthogonal and symmetrical dipoles were designed. The antenna is modelled
using a circular piece of FR4 laminate of 1mm thickness and radius =30 mm.
The relative permittivity is 4.3 in this frequency range. The dipole wing length /
=17mm, the gap between dipole wings g = 6mm. The maximum width of the wing

w= 12mm, which occurs at a distance /2 =6.3mm from the end of the wing.

Fig. 5.18: Geometry for the printed crossed-dipole antenna

Matching between the dipoles and the feeding network was necessary to ensure a
good result for the return loss. For that reason the investigation of the proper
feeder performance was one of the main parts of the final design. A 4mm strip
was selected (the feeder impedance has decreased to 260 using a dielectric with

relative permittivity of 4.3) and that is due the lower impedance of the new dipole
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shape. The feeding point is now located at 30.35mm distance from the dipoles.

Figure 5.19 shows the final model.

x,,>f__’
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Fig. 5.19: Final model and coordinate system

Once that the variations and the modifications have been explained and the final

dimensions have been defined, the results achieved with the final model are

presented in Figures 5.20 and 5.21.
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Fig. 5.20: Simulated return loss for the final design
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Fig.5.21: Simulated isolation for the final design

It can be seen in Figure 5.20 that the return loss is not the same for both dipoles.
That is caused by the asymmetry that the bridges introduce into the performance.
In both cases the bandwidth result is greater than 230MHz for a 10dB return loss
(from 2.45 to 2.72 GHz for S11 and from 2.45 to 2.68GHz for S22). The
simulated isolation is better than 13dB from 2.45 to 2.53GHz and better than
20dB from 2.53 to 2.8GHz. These results guarantee no coupling between the
dipoles in a real operation scenario. As it can be observed the obtained bandwith
is somewhat smaller than that obtained in the previous chapter; this is due to the
compromise that must be made between wideband return loss and the 1solation.
The isolation is significantly improved compared to that in previous chapter. The
simulated radiation patterns are shown in Figure 5.22 and 5.23. The dipole that 1s
oriented to Z axis corresponds to -45 degree port and the dipole the dipole that is

oriented to X axis corresponds to +45 degree port.
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Fig. 5.22: Normalised simulated radiation pattern for -45 degrees plane at 2.5GHz
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Fig. 5.23: Normalised simulated radiation pattern for +45 degrees plane at 2.5GHz

Figure 5.22 and 5.23 show the copolar and crosspolar normalised radiation
patterns, where a gain of 9.3dBi (with the maximum at 0 degrees, therefore no
squint) was obtained in both ports. From the Figures it can be observed that the
front-to-back ratio is better than 30dB. The copolar beamwidth is 61.1° for the
+45 port and 60.5° for the -45 port. The total efficiency and the radiation
efficiency are 0.877% and 0.947% for -45 port respectively and 0.889% and
0.963% for +45 port. The linear cross-polarization rejection levels are better than

20dB on boresight on both ports. In order to summarize, a good bandwidth,
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reasonable isolation and good radiation parameters were obtained. The antenna 1s
now fabricated.

5.4 Fabrication and measurements

In this section, features and dimensions of the fabricated prototype are presented.
The antenna was fabricated by exporting a 2D DXEF file from the EM solver, then
the file is input to a CAD package, which in turn, i1s transferred to the LPKF
milling machine, which mills the patch antenna on the laminate. The feedlines are
then cut and milled. Two SMA launch connectors are soldered at the end of the
feeder lines. The measured results obtained with the prototype antenna are also

shown.

Fig. 5.24: Photograph of the fabricated antenna

The antenna is fabricated on a circular piece of FR4 laminate of lmm thickness
and 4.3 of relative permitivity. The dimensions are the same that were used in the
simulation (Fig. 5.18). A parasitic planar reflector of 70 x70 x 1mm was soldered
to the feeders’ strips in order to short the ground. Each vertical element comprises
a shorting strip and an impedance transformer realized by using a FR4 laminate of
0.8mm thickness and a permitivity of 4.3. The return loss and the isolation were
measured using an Agilent Technologies vector network analyser (VNA)
(appendix 1). It can be seen in Figure 5.25 that the measured 10dB return loss
(S11 and S22) is achieved from about 2.25 GHz to 2.7 GHz, yielding an
impedance bandwidth of greater than 450 MHz (more than 18% fractional
impedance bandwidth)} for both ports. The measured isolation (S12 and S21) is
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better than 20dB for most of the bandwidth, i.e. from 2.35 GHz to 2.55 GHz. This
includes the wireless ISM band (2.40 to 2.488GHz). Comparing with the results
obtained in the simulation it can be observed that the measured impedance
bandwidth is wider, moreover the resonance is not as deep. The isolation result is
also beiter than the simulated one, but in this case agreement between them is
reached. In this case the measured values outperform the simulated ones. This
occurs because the feeding point location is a very sensitive parameter that in the
simulation corresponds to a very small point and in the fabricated prototype
corresponds to a couple of millimetres diameter and for the inner of the SMA
connector depends on the drilling and soldering procedures. Therefore the slightly

different result was caused by the inaccuracy of the fabrication.
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Fig. 5.25: Measured impedance bandwidth and iselation between ports for the crossed dipole
antenna

The radiation patterns were measured in an anechoic chamber at 2.45 GHz for
both polarizations. Figure 5.26 shows the measured pattern for the -45 degree
plane, while the -45 degree plane is shown in Figure 5.27. The linear cross-
polarization rejection levels are better that 20 dB on boresight and the front-to-
back ratios are in excess of 20 dB for both planes. The patterns are normalised to
maximum measured gain, which was 6.5dBi for both polarizations. A 10 dB per
division scale is used. The gain was measured with a calibrated pyramidal horn

antenna (see appendix 4).
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Fig. 5.26: Normalised measured radiation pattern for +45 degrees plane at 2.5GHz
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Fig. 5.27: Normalised measured radiation pattern for -45 degrees plane at 2.5GHz

5.5 Dual polarization and circular polarization capabilities.

The element can now provide 2 independent orthogonally polarized signals.
Circular polarization can also be achieved by exciting each dipole port with equal
magnitude, but with a phase difference of 90 degrees, depending on whether right-
hand circular polarization (RHCP) or left-hand circular-polarization (LHCP) is
required. A spinning dipole is often used to examine the axial-ratio performance

for circularly-polarized antennas. The spinning dipole was excited by one port of
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the Rohde & Schwarz ZV A24 vector network analyser and port two is connected
to the antenna. The analyser is frequency swept and the antenna response is shown
in Figure 5.28. It can be seen that the axial ratio (S21, in this case) is less than 4
dB from 2.4 GHz to 2.63 GHz. The spinning dipole pattern shows good circular

polarization at 2.5 GHz over a wide beamwidth in Figure 5.29.
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Fig. 5.28: Measured axial ratio

=0 240 == //300/

270

Fig. 5.29: Measured spinning dipole radiation pattern.

5.6 Conclusion

In this chapter the design and the fabrication of a dual polarized base station

antenna fed by a perpendicular quarterwave balun has been described. Valuable
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expertise has been acquired evaluating the different relative permitivities of the
dielectric substrate and examining these effects on the antenna dimensions and on
the final performance (as the reduction of the dipole length, hence the reduced
size of the antenna). In order to follow a step by step procedure, a single dipole
fed by the chosen feeding technique, the quarter wave balun, was investigated.
The width of feeding tracks and the grounding location was optimized in order to
obtain a wideband return loss. A second orthogonal dipole was added to the
structure to achieve dual polarization with good isolation. A parasitic reflector
was introduced and the directivity was obtained. Good isolation, bandwidth and
gain were achieved but several modifications were carried out in the different
parameters (permitivity, tracks width...) in order to optimise performance. An
optimized dipole shape was tested and superior return loss characteristics were
obtained due to the enhanced matching. This optimized structure was fabricated
and tested and the desired results were achieved experimentally. Radiation
patterns were measured in an open range and patterns suitable for a base station
antenna were achieved over the full frequency range. Circular polarization

capabilities were also examined and good results were obtained.
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CHAPTER 6:

CONCLUSION

In this thesis two different types of antennas have been investigated, microstrip
patch antennas and printed dipole antennas. Both a single halfwave rectangular
patch and a microstrip patch array were developed using microstrip radiators and
feed techniques. For the microstrip antennas RT/duroid 5870 was the chosen

substrate. It was selected due to its good stability of ¢, and tolerance of
parameters such as &,, tand and anisotropy. Very good agreement between the

simulated and measured results was obtained for the single rectangular patch and
the array. For the single patch, results were predictable. For the array, a good gain
(12dBi) and reasonable impedance bandwidth (-14dB return loss from 2.4 to
2.5GHz) were achieved and therefore the performance would be suitable for
wireless communication systems. The horizontal and vertical planes were also
measured for both antennas and the achieved results present proper patterns for
access points in WiFi networks. In both cases low profile was achieved. However,
the disadvantage of these antennas is the high cost of the substrate. Using a
cheaper substrate would decrease the radiation efficiency and hence the antenna
gain. The bandwidth may also be reduced. In order to keep costs down and to
obtain features like dual and circular polarization capabilities, another design was

investigated.

Two crossed dipole printed antennas with different feeding networks were also
developed. All were empirically designed, simulated and tested in the frequency
range of 2.45GHz. For the simulation all the antennas were modelled and
evaluated with CST Microwave Studio, a 3D electromagnetic simulation software
based on the Finite Integration Time Domain (FITD). It should be mentioned that
substantial efforts were realized in order to set the meshing parameters correctly
(increasing the number of cells or varying the lines per wavelength) and to
orientate the ports, because they should be placed in the direction of the global
coordinate system (XYZ). .Fabricated antennas were tested and measured using

high class vector network analysers and patterns were measured both in indoor
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and outdoor test ranges. Multiple types of substrate with different permittivity

were been used in the antenna designs.

The dual polarized antenna with tapered balun feed proved to be very complex.
For this antenna the low-cost FR-4 laminate was used, a low frequency substrate
for the dipoles and GML 1000 was used for the feed lines (a perpendicular
structure that consists of two back to back microstrip substrates). A tapered balun
was added to improve the matching. The bandwidth obtained (350 MHz in the
measurement) is acceptable for wireless applications. The isolation results were
very poor from the beginning of the design and despite many optimizations and
much effort, the balun failed to achieve the required performance. Squint was
found in the radiation pattern of the antenna. This squint problem was very hard to
avoid and an in-depth investigation was carried out. The antenna pattern was
measured at different frequencies and it was observed that squint was frequency
dependent. Thus there was a phase differences between the two dipoles ports,
caused by the asymmetry of the feeding tracks. In order to solve the problem the
antenna was redesigned to be totally symmetrical in all respects. This reduced the
squint somewhat but the port-to-port isolation was still poor. In this stage of the
project it was confirmed that the baluns were not operating and were resonating as
part of the dipoles. The tapered balun feed network did not work as was expected,
hence, it proved to be a bad choice to provide dual polarization over a wide
bandwidth. After some changes the squint disappeared but the isolation was still

poor.

With the goal of improving the performance of the dual polarized printed antenna,
a different feed network was developed. It is also a perpendicular structure and it
consists on a quarterwave balun which was selected due to its proven performance
and features. In this antenna FR4 was used for the dipoles and for the feed lines

because of the low cost of this material.

Good results for isolation and return loss were obtained on the first simulation
run. However, by optimising the dipole wing geometry and the dimensions, a
wide bandwidth was achieved (greater than 230MHz for a 10dB return loss),

without significant degradation of port-to-port isolation, crosspolar performance,
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gain or circular-polarization performance. The return loss (S11 and S22) was
measured over a frequency range from 2.25GHz to 2.7GHz and was yielded more
than 18% fractional impedance bandwidth. The measured S12 and S21 values (in
the measured isolation) were better than 20dB from 2.35GHz to 2.55GHz (most of
the bandwidth, including the wireless ISM band, 2.40 to 2.48GHz). The patterns
were also measured and either +45 as -45 patterns obtained competitive results
over the frequency range. The front to back ratio was better than 20dB (very
important parameter for a base station antenna). The crossed polar rejection was
also better than 20dB on the boresight, something which confirms desirable
behaviour of the dual polarization and therefore the diversity. The antenna has a
gain of 6.5 dBi, over the frequency range of 2.2GHz to 2.7 GHz, for linear
polarizations. The antenna produced circularly-polarized waves with an axial ratio
less than 4 dB, from 2.4 GHz to 2.63 GHz. The measured port-to-port isolation is

greater than 20 dB over this range.

Another important feature to highlight is the small dimension of the antenna,
something that nowadays gains importance due to the visual impact sensitivity
which exists in society. Therefore thanks to the low profile, the cost of the antenna

is lower and that would help in a fabrication process.

A possible further improvement in performance may be possible by optimizing
the feed line and the balun transformers. This could yield a small increase in
bandwidth and gain. The emerging communication standards (802.11n, 802.16d,
802.16e, WiBro...) will require polarization diversity and high gain base station
antennas. The low-cost and low profile of the proposed antennas fulfil some of the
requirements that the current market demands. Future work would involve

arraying these elements and developing a feed network for polarization agility.
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APPENDIX Al
Equipment

37369A Vector Network Analyzer Anritsu

The network analyser 37369A Anritsu is used to measure the Scattering

Parameters of the antennas. Mainly it has been used to measure the return loss,
S11.

Vector Network Analyzers (VNA) are designed to measure S-Parameters of RF
and Microwave devices and circuits. S-Parameters are by definition ratios and as
such the actual test power utilized is not critical. When amplifier S-Parameters are
measured it becomes important to know approximate input and output power
levels so that the user can insure that the amplifier is operating in its proper range
and that the instrument's power handling capability is not exceeded. The
frequency range is 40MHz-40GHz.

Fig. Al.1: Network analyser Anritsu 37369A

98



8753B Network Analyzer Hewlett Packard

The Hewlett Packard 8753-B Network analyser is used for Gain and Radiation
Pattern measurements on all antennas.

The network analyser is essentially a Superheterodyne Receiver. Superheterodyne
means to mix two frequencies together to produce a different frequency output.
Here the audio signal is down converted and demodulated from the higher carrier
frequency. In a similar way the high frequency input RF signal to the Network
Analyser is frequency shifted down to a lower frequency that can be sampled by

the analogue to digital converter. The frequency range 1s 300kHz-6GHz.

- O

(S LL.LC-CG

Fig. A1.2: Network analyser Hewlett Packard 8753B
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E5070B vector Network Analyser Agilent Technologies

This Network Analyser was used to carry out the measurements on the crossed
dipole antenna with improved feed system.

The Agilent ENA dramatically improves measurement accuracy and responds to
current and future test needs. Because it performs up to 125 dB wide dynamic
range at 10 Hz IFBW, the sweep speed can be faster at the required dynamic
range. The trace noise is lowered to 0.001 dB rms at 3 kHz IFBW. It delivers
accurate pass band ripple measurement of a filter. The ENA’s excellent
measurement performance improves test quality and repeatability as well as test
throughput, which affect production yield and the overall cost of test. The
frequency range is 300 kHz to 3 GHz and the number of ports is 4.
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Fig. A1.3: Network analyser Agilent Technologies ES070B
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ZV A24 vector Network analyser Rohde & Schwarz

This Network Analyser was used to carry out the measurements on the crossed
dipole antenna with improved feed system.

The R&S ZVA24 is the new high-end model of the vector network analyzer
family from Rohde & Schwarz. The new model comes with two or four test ports
and is designed to operate in the frequency range from 10 MHz to 24 GHz. With a
dynamic range of more than typ. 145 dB, an IF bandwidth of up to 1 MHz and a
measurement speed of 3.5 us per test point, the R&S ZVA24 offers features
unparalleted in the field of network anatysis. Its excellent characteristics make the
analyzer an 1deal choice for applications where the most exacting demands for

accuracy, dynamic range, sensitivity and flexibility have to be fulfilled

Fig. Al.4: Network analyser ZV A24 Rohde&Schwarz
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APPENDIX A2

Antenna fabricated

Single Patch
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Fig. A2. 1.: Microstrip single patch

Array

Fig. A2. 2: Microstrip Array
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Fig. A2, 5: Crossed dipole antenna with improved feed system, left view

Fig. A2. 6: Crossed dipole antenna with improved feed system, front view
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APPENDIX A3

3D Simulated Radiation Patterns

In the next figures we can see the 3D radiation pattern plots of the four different
antennas that have been designed. Several antenna parameters can also be seen in
the figures.

Single Patch

b4 dB
Type = Farfield 6.62
Approximation = enabled (kR >> 1) i
Honitor = farfield (f=2.45) [1] 4.86
Component = Abs
Output = Gain fita
Frequency = Z2.145 1.32
Rad. effic- = B.9355 s]
Tot. effic. = 0.8364
Gain = 7.505 dB -9.56
-17.2
Phi
224.8
-32.5
x
Fig. A 3.1: 3D Radiation pattern for microstrip single antenna
Array
Type = Farfield dBi
Approximation = enabled (kR >> 1]
Monitor = farfield (f=2.45) [1] 11.1
Component = R%s o 8.17
Dutput = Directivity
Frequency = 2.45 5.2 &8
Rad. effic- = 0.9684
Tot. effic. = §.8206 2'22
Dir. = 12.63 dBi

-B.85
-14.5
-20.9
X =27.4

Fig. A3.2: 3D Radiation pattern for microstrip array antenna
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Crossed dipole antenna

dBi
Type = Farfield 512
Approximatian = enabled (kR >> 1) 5
Monitor = fartield (f=2.4) [11] 5.22
Component = Abs
Output = Directivity 3.32
Frequency = 2.4 1.42
Rad. effic. = 0.8767 9
Tot. effic. = @8.2124
Dir. = B8.070 dBi -9.39
-16.9
-24.4
-31.9

Fig. A3.3: 3D Radiation pattern for the dual polarized antenna

Crossed dipole antenna with improved feed system

dB

-28
-as
-86
-66

Theta =

=W ;@

-9
-16.2
=-23.4
-30.6

Type = Farfield
Approximation = enabled (kR >> 1)
Monitor = farfield (f=2.5) [1]
Component = Abs

Output = Gain

Frequency = 2.5

Rad. effic. = 0.963¢4

Tot. effic. = @.8892

Gain = 9.385 dH

Fig. A3.4: 3D Radiation pattern for the dual polarized antenna with improved feed system
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APPENDIX A4

Measured Radiation Patterns

In the next figures we can see the measured radiation pattern plots and the gain of
the crossed dipole antenna for each linear polarization with improved feed system.

Several antenna parameters can also be seen in the figures.
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Fig. A4.1: Measured radiation pattern for -45 degrees plane
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Fig. A4.2: Measured radiation pattern for +45 degrees plane

108



29-07-05 .
10,0 T 10,0
9,0 9,0

8,0 8.0

7.0 1 T 7.0

GAIN (dBi.)

2,0 220

230 2,40
Freq. (GHz.)

—t+45 A2 N T-2°

ct-45 A2 T-2°

Fig. A4.3: Measured gain

109




APPENDIX A5

Gain and radiation patterns measurements

The network analyser 8753B Hewlett Packard (see appendix Al), a turntable and
a computer have being used to measure the radiation pattern of all the antennas, as
shown in the figure A5.1. The network analyser is controlled by a PC over a
general purpose instrumentation bus GPIB. The turntable and the network
analyser are synchronised. To get the radiation patterns, the antenna under test is
rotated through 360° with respect to a fixed antenna of known gain. The data
consists of 201 magnitude values of the S;; expressed in dB which are stored in
the device on completion of measurement. The data is then read into a file in the
PC over the GPIB bus. The data is normalised and converted to polar format to be

plotted.

Antenna under test

Fig. A5.1: Antenna pattern measurement set-up

The network analyser is also used to measure the gain and the S-parameters.
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The dual polarized with improved feed system antenna was measured in a free
space clevated range. Figure AS5.2 shows the picture of the range. The dimensions
of the range are: 19m of height and 43m between the two towers. Its frequency
range goes from 500MHz to 6GHz. Some of the main features of the range are the
interferences suppression and the very low levels of reflected signals. MI
Technologies equipments are placed in both sides of the range. The antenna under
test was placed on a tower (white pole in the Figure) that consists of a lower
azimuth axis, elevation axis, higher azimuth axis and polarization axis. The
standard calibrated pyramidal hom antenna was placed in the other tower that
consists of an up/down carriage, polarization axis and elevation axis. Gain was

also measured in the free space range using the comparison method.

Fig. A5.2: Free space elevated antenna range
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APPENDIX A6

Impedance and wavelength calculations

CST provides a tool to calculate the impedance of different types of material. As
can be seen in the figure A6.1 parameters such as the height, 4, width, w, and

epsilon, €, have to be set to calculate the impedance Z.

. Select Type
™ Cosx

™ Stup Lins
% Tha Miciostip
T Thak Miciogp
™ Coplal Waveguids w/t ot
™ Coplana Warvegpads
\" Thigk Copéanar Waveguds

™ Inchde Dispersion
Gaomedry Data permittrty Impedance sheb

w1 w a5 s 1M 20~ {00 T Ghm

= | S

=
Urds: m  H:

Fig. A6.1: lmpedance calculation

Figure A6.2 shows a plot of the tool to calculate the wavelength. The frequency of

operation, €, and yr have to be introduced.

[= Calculate Wavelength (Z]
frequency [GHz] I2_45

eps_relative Ig_ﬁj

mue_relative [1

Wavelength = 80,17 mm
Wavelength/10 = 8,02 mm

speed of light = 0,66 * cO

0K | Cancel

Fig. A6.2: Wavelength calculation
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APPENDIX A7

Meshing and coordinate systems in CST Microwave

Studio

Mesh Generation Overview

For the spatial discretization the Finite Integration Method (F1-Method) in
conjunction with the Perfect Boundary Approximation™ (PBA) is used. The
simulated structure and the electromagnetic fields are mapped to hexagonal mesh.
The mesh is generated by the automatic mesh generator. This generator, an expert
system in connection with optional adaptive mesh refinement features, ensures a
good compromise between the need of an accurate structure and field
discretization and a short simulation time. The following topics will try to explain
how the mesh influences the simulation and what requirements should be fulfilled
to obtain a good mesh. The way a structure is discretized strongly influences the
accuracy of the results. In theory, the results converge against the “continuous
world” results when the mesh size gets smaller and smaller until the discrete
lengths vanish or, being more exact, become differentials. So, generally speaking
the structure and the fields are simulated best with a very fine mesh.

Mesh and Simulation Time: As far as the results are concerned, the finer the
mesh, the better. However, a very fine mesh has a great number of mesh cells and
with this a great number of unknowns to be solved. Every increase of unknowns
extends the need of memory and simulation time. For the increase of simulation
time, there are two different mechamisms. One is quite obvious, the more
unknowns there are, the more operations have to be computed. The other
mechanism is caused by the properties of the solver used. The frequency domain
and the eigenvalue solver converge slower with smaller mesh step sizes than with
greater ones. Also, for smaller mesh step sizes the time domain solver needs
smaller time steps to remain stable

Mesh view: In the mesh view the so far generated mesh is visualized and all
actions concerning the further mesh creation can be done. The automatic mesh

generator can be controlled and the resulting mesh is displayed. This view should
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always be checked before a simulation is started, because the mesh has a strong

influence on the achievable accuracy of the results.

Coordinate Systems

Two kinds of coordinate systems are available: global and local coordinates. At
any time, only one particular coordinate system is active.

When the global coordinate system is active, all structure definitions will be
performed in x/y/z coordinates. You cannot change the orientation of these
coordinate axes. In order to define a structure which is not aligned with the axes
of the global coordinate system, (e.g. a brick) you can create the shape in global
coordinates first and then apply a transformation. However, a more flexible way is
to define a local coordinate system before starting the shape creation and then to
create the shape in this local coordinate system. Such local coordinates are also
referred to as working coordinate systems (WCS). In general, a local coordinate
system (or WCS) is defined by the orientation of its u, v and w axes and the
position of its origin. Since the coordinate axes still need to be orthogonal to each

other, it is sufficient to define the orientation of the w and u axes.
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APPENDIX A8

Substrate effects

In this appendix the influence of the relative permittivity of the dielectric substrate

on the dipole resonant frequency, for different thicknesses is presented.

Centre frequency vs dipole length - 0,8mm thickness

Centre frequency (MHz)

36 40 42 44 48
Dipole length {mm}

Fig. A8.1: Centre frequency versus dipole length for different substrate permitivity. 0.8mm
thickness

Centre frequency vs dipole length - 1,6mm thickness

Centre frequency (MHz)

Dipole length {mm)

Fig. A8.2: Centre frequency versus dipole length for different substrate permitivity. 1.6mm
thickness
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Centre frequency vs dipole length - Zmm thickness

Ceantre frequency {MHz)

Dipola lenght {mm} |

Fig. A8.3: Centre frequency versus dipole length for different substrate permitivity. 2mm thickness

Centre frequency vs dipole length - 3mm thickness

Centre frequency (MHz)

Dipole length (mm)

Fig. A8.4: Centre frequency versus dipole length for different substrate permitivity. 3mm thickness
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APPENDIX A9

Regulations
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1 INTRODUCTION

The term "Short Range Device” (SRD) is intended to cover the radio transmitters which
provide either uni-directional or bi-directional communication and which have low capability
of causing interference to other radio equipment. SRDs use either integral. dedicated or
external antennas and all modes of modulation can be pemmitied subject to meeting the
reference standard or equivalent.

ERC Recommendation 70-03 (ERC/REC/70-03) sets out the general position on common
spectrum allocations for SRDs for countries within CEPT. It is intended as a reference
document for member states and represents the most widely accepted position within CEPT.
Appendix 3 of the document lists the National restrictions where member states indicate
where their National regulations deviate from the CEPT position. The Recommendation
describes the spectrum management requirements for SRDs relating to specific frequency
bands. maximum power levels, chanmnel spacing and duty cycle.

Table 1 of this document outlines the types of device. with associated parameters, detailed in
ERC/REC/70-03 which may be used in Ireland without the requirement of an individual user
licence under the Wireless Telegraphy Act 1926 except for those which are restricted and
accordingly listed in *Appendix 3 — National Restrictions” of the Recommendation. Those
devices restricted in Ireland by Appendix 3 of the Recommendation have not been included
m Table 1. The full text of ERC/REC/70-03 is available from the ERO web-site

{www_ero.dk).

In addition fo the types of devices described in ERC/REC/70-03 several other devices may be
used in Ireland as SRDs. Table 2 of this document describes the types of device. beyond the
scope of ERC/REC/70-03. permitted for use as Short Range Devices in Ireland without the
requirement of an individual user licence under the Wireless Telegrapliy Act 1926.

This exemption shall not absolve an operator from any requirement in law te obtain
additional consents, permissions, authorisations or licences as may be necessary (e.g. for the
provision of services to the public). All devices intended to be placed on the market in Ireland
must meet the requirements of the R&TTE Directive, derails of which are available from the
ODTR web-site {Ref. Document No: 00/61).

Short Range Devices operate on a non-mterference and non-protected basis t.e. they are not
permitted to cause harmful interference to other users of the band and cannot claim protection
from interference received. Due to the growing interest in the use of SRDs throughout Europe
for a wide range of applications. it is necessary to hanmonise frequencies and regulations for
these devices and to distinguish between different applications.

ODTR 02/7]
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2 TABLE 1 - Description of Short Range Devices permitted for
use in Ireland (from ERC/REC/70-03)

Freguency Bands

Application

Max Radiated Power or

Reference

Additional Information

K=kHz M=MHz Field Strength Limits & ETSI
G=GHz Channel spacing® Standard
9-5975K Inductive Applications 72 dBUA'm @ 10 m 100 330 ERCREC/70-03

ERC/DEC/(0D13

39.75-6025K

Inductive Applications

42 dBpAm @ 10 m

ERC/REC70-03
ERCDEC/01)13

60.25-70K Inducnve Applications 72 dBuA'm @ 10 m 200 330 ERC/REC/70-03
ERC/DEC/(01)13

70-119K Inductive Applications 42 dBpAm @ 10m 300 330 ERC/REC/70-03
i ERC/DEC/(01)13

119-135K Inductive Applications 72 dBYA'm @ 10 m 300 330 ERC/REC/70-03
ERC/DEC/(01)13

6765 - 6795 K Inductive Applications 42 dBUA/m @ 10m 300 330 ERC/REC/70-03
ERC/DEC/(01)14

6765— 6795 K Non-specific SRD 42 dBuAm @ 10m 300 330 ERC/REC/70-03
ERC/DEC/{01)01

7400 — B8RO0 K Inductive Apphications 9 dBuA'm @ 10 m 300 330 ERC/REC/70-03
- ERC/DEC/{01)15

13553 -13567M Inductive Apphcations 42 dBpA'm @ 10 m 300 330 ERC/REC/70-02
ERC/DEC/{01)14

13533 -13.567M Non-specific SRD 42 dBuA'm @ 10 m 300 330 ERC/REC/70-03

ERC/DEC/(01)01

2695727283 M

Inductive Applications

42 dBuA'm @ 10m

300 330

ERC/REC/70-03
ERC/DEC/(01)16

26.957-27283M Nen-specific SRD 10 mW erp 300 220 ERC/REC/70-03
ERC/DEC/01)02
26.99-2720M Surface Model Control 100 mW erp : 10 kHz 300 220 ERC/REC/70-03
ERC/DECAC1)10
349095-35225M Aircraft Model Control 100 mW erp : 10 kHz 300 220 ERC/REC/70-03
ERC/DECAOD11
40.66 - 40.7 M Surface Model Control 100 mW erp : 10 kHz 300220 ERC/REC/70-03
ERC'DECH01)12
40.66 —40.7 M Non-specific SRD 10 mW erp 300220 ERC/REC;70-03
ERC/DEC#01)03
173.965-174015M Wireless Microphones 2mW erp - 30 kHz 300 422 ERC/REC/70-03
402 - 405 M Medical Implants 25 pWerp . 25 kHz 300220 ERC/REC/70-03
ERC/DECHOD1T
43305-434.79M Non-specific SRD 10 mW erp 300 220 ERC/REC!70-03
Duty Cycle -<10%
43305 -43479M Non-specific SRD 1 mW emp 300 22¢ ERC/REC/70-03
Duty Cvcle = 100%
43404 - 43479 M Non-specific SRD 10 mW erp . 25 kHz 300220 ERC/REC/70-03
Dury Cycele = 100%
863~ 865 M Wireless Audio Systems 10 mW erp 301 357 ERC/REC70-03
ERCDEC/(01)18
863~ 865 M Wireless Microphones 10 mW erp - 200 kH> 301 337 ERC/REC/70-03
8648865 M Wireless Audio Systems 10 mW erp 50 kHz 300 220 ERC/REC:70-03
868 - 8686 M Non-specific SRD 25 mW erp 300220 ERC/REC/70-03
ERC/DEC/(01)04
3686 8687 M Alarms 10 mW erp - 25 kHz 300 220 ERC/REC/70-03
ERC/DEC/(01)09
ODTR 02/71
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Frequency Bands Application Max Radiated Power or | Reference | Addifional Information
K=kHz M=}Hz Field Strength Limics & ETS1
G=GHz Channel spacing* Standard

868.7— 8692 M Non-specific SRD 25 mW erp 300 220 ERC/REC/70-03
ERC/DECA01)04

£69.2 — 86925 M Social Alarms 10 mW erp - 25 kHz 300 220 ERC/REC/70-03
ERC/DEC/(97)06

869.25-869.3 M Alarms 10 mW erp . 25 kHz 300220 ERC/REC70-03
ERC/DECH01)09

8694~ 869.65M Non-specific SRD 500 mW erp : 25 kHz 300 220 ERC/REC/70-03
ERC/DEC/{0104

869.65-869.7M Alarms 25mW erp : 25 kHz 300 220 ERC/REC/70-03
ERC/DEC/(01)09

869.7- 8700 M Non-specific SRD 3 mW enp 300 220 ERC/REC/70-03
ERC/DECA01)04

1785717994 M Wireless Microphones 10 W enup : 200kHz 3061 &40 ERCREC/70-03

240024835 M Non-specific SRD 16 mW enp 360 440 ERC/REC/70-03
ERC'DECA(01)05

2400 - 24835 M *= Wideband Data 100 mW eup 300 328 ERC/REC/70-03
Transmission Systems ERC/DEC/{01)07

2400 -2483.5 M FDDA 25 mW eirp 300 440 ERC/REC/70-03
ERC/DEC/AD1)08

2446 -2454 M AVT for railways 300 mW enp 300 761 ERC/REC/70-03

2446 -2454 M RFID 500 mW eirp 300 440 ERC/REC/70-03

4 W eurp (indoer use)

53150 - 5350 M ** HIPERLAN: indoor use 200 mW eirp 301 893 ERC/REC70-03
only (Nomadic) ERC/DEC/H{99)23

3470 -5725 M *= HIPERLAN: indoor/outdoor | 1 W eirp 301 893 ERC/REC/70-03
use (Nomadic) ERC/DEC(99)23

3725-5875 M Non-specific SRD 25 mW eurp 300 440 ERC/REC/70-03
ERC/DEC/{(01)06

5795 - 5805 M RTTT 2Weup 300 674 ERC/REC/70-03
201 674 ECC/DEC/(02)01

5805 -5815M RTTT 2Weup 300674 ERC/REC/70-03
{Expansion Spectrum) 201 674 ECC/DEC/(02)01

9200 - 93500 M FDDA 25 mW ewp 200 440 ERC/REC/70-03
9500 —9975 M FDDA 25 mW eirp 360 440 ERCREC/70-03

105-106G FDDA 25 mW ewp 300 440 ERC'REC:70-03

134-14G FDDA 25 mW ewp 200 440 ERC/REC/7G-03

17.1-173G HIPERLAN 100 mW ewrp ERC'REC:/70-03

2400-2425G Non-specific SRD 100 mW exrp 300 444 ERC/REC/70-03

2405-2425G FDDA 100 mW eup 300 440 ERC/REC/70-03

i6-77G RTTT 35 dBm peak eirp 301 091 ERC/REC/70-03

*  Maximum Permatted Channel Spacing
**  DProvision of services to the public 1s permitted. Public service provider 1s required to hold an
appropriate Telecommunications Licence (ref ODTR 98'44R)

NOTE: When selecting parameters for new SRDs, which may have inherent safety of lnonan life implications,
miafacturers and users shonld pay particular attention ro the potential for interference from other systems operating in
the same or adjacent bands. Manufacturers shonld advice users on the risks of potential interference and its

CONSEQUEnces
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3 TABLE 2 - Description of Short Range Devices permitted for
use in Ireland (National SRIs)

Frequency Bands Application Max Radiated] Pawer ar | Reference | Additional Information
K=kHz M=MHz Field Strength Limits & ETSI
G=GHz Channel spacing* Standard
285- 400K Inducuve Applications 38 dBuA'm @ 10 m 300 330
16501950 K Inductive Applications R dBuA'm @ 10m 300 330
1800 - 2200 K Induciive Applications 2 dBuAmid@ 10m 300 330
2540 - 3360 K Inductive Applications -8 dBuAm i@ 10 m 300 330

31.025-31325M Analogue cordless phones | 10 mW erp - Radio info i National
Std TTE 9
39.925-40225 M Analogue cordless phones | 10 mW erp - Radio nfo 1 National
5td TTE 9
4987 — 4998 M Baby Momters 10 mW erp 300 220
49.82 - 4998 M Low Power Radio 10 mW erp 300220
Transmutiers
1732125-173.2375M | Non-specific SRD - 10 mW erp © 25 kHz 200 220
telecomnand only
1732375173275 M Non-specific SRD 100 mW erp : 25 kHz 300 220
173.7-1751M Wireless Microphones 10 mW erp 300422
864.1-868.1M CT2 cordless phones 10 mW erp 300 131 Subject to review
1880 — 1900 M DECT cordless phones 250 mW erp (peak) DIR 91/287EEC.
5.1168. 1994
5150 - 3250 M ** Wideband Data 36 mW (no TPC) 201893 See Aunex 1
Transmussion Systems :
Indeor use only (Nomadic)
5150 -5250M ** Wideband Data 60 mW (with TPC) 301 893 See Aonex 1
Transmission Svstems :
Indoor use only (Nomadic)
5150-5350M >~ Wideband Drata 60 mW (no TPC) 201 893 See Annex 1
Transmission Systems :
Indoor use only (Nomadic)
5150 -3350M == Wideband Dam 120 mW (with TPC) 201 893 See Annex
Transnussion Systems :
Indoor use only (Nomadic)
57255875 M ** Wideband Data 100mWMHz up to a TBA Regisiration of base-

Transmission (Fixed)

maximum of 2W eirp

stations requared

Maxunum Pernutted Channel Spacing
Provision of services to the public is permitted. Public service provider 1s required to hold an
approprniate Telecommunications Licence (ref. ODTR 98/44R)

NOTE: When selecting parameters for new SRDs, which may have inherent safety of Incman life implications,
manyfacturers and users should pay particilar attention te the potential for interference from other systems operating in
the same or adjacent bands. Manufactarers should advice users on the risks of potemtial interference and its

CONSEqUeENnces

' When operatng short range devices on these frequencies m close proxiury 1o domestic television recervers care must be
1aken as the domesnc television recervers may suffer mterference
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4 GLOSSARY OF TERMS

“Inductive Applications” means systems which operate by producing a controlled
magnetic field within which a predetermined recognisable signal is formed:

“Non-specific SRD” means Non-specific Short Range Device which is an apparatus for
wireless telegraphy including telemetry. telecommand. alarms and data:

“Model Control” means apparatus for wireless telegraphy used to control the movement
of a model in the air. on land or over/under the surface of water;

“Baby Monitors™ means apparatus for wireless telegraply which transmit sound to a
remote receiver and is commonly used to monitor infants:

“Low Power Radio Transmitter” means apparatus for wireless telegraphy for short
range two-way voice communications;

“Wireless Microphones™ means apparatus for wireless telegraphy which transmit audio
or voice over short distances to a remote receiver:

“Duty Cycle” means the ratio, expressed as a percentage. of the maximum transmitter
‘on’ time on one carrier frequency. relative to a one hiour period:

“Medical Implant” means apparatus for wireless telegraphy for programming and
occasional conumunications with a medical device implanted in the body:

“Wireless Audio Systems™ means apparatus for wireless telegraphy which transmit audio
or voice over short distances to a remote receiver.

“CT2 Cordless Phones™ means apparatus for wireless telegraphy which meets the
European CT2 standard:

“Alarms” means apparatus for wireless telegraphy used exclusively for alarm systems
meluding social alarms and alarms for security and safery:

“DECT Cordless Phones™ means apparatus for wireless telegraphy which meets the
European DECT standard;

“Wideband Data Transmission Systems” means a wireless local. metropolitan or
personal area network utilising apparatus for wireless telegraphy:

“FDDA* means Field Disturbance and Doppler Apparatus which is apparatus for wireless
telegraphy which operates by creating a radiated field and responding fo

disturbances/changes within that field;

*AVI for Railways™ means Automatic Vehicle Identification for Railways which is
apparatus for wireless telegraplty used to track and identify railway vehicles:

ODTR 02/71
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“RFID” means Radio Frequency Identification which is apparatus for wireless telegraphy
used to identify tagged articles:

“HIPERLAN" means apparatus for wireless telegraphy which meets the ETSI
harmonised standard EN 301 §93;

“RTTT” means Road Transport and Traffic Telematics which are apparatus for wireless
telegraphy for applications relating to road traffic and transport management including
automatic road toll collection. route guidance systems. traffic information and advance
incident warnitg:

“erp” means Effective Radiated Power and “eirp™ means Effective Isotropic Radiated
Power as defined in the Radio Regulations;

“Radic Regulations™ means the Radio Regulations annexed to the Constitution of the
International Telecommunications Union;

“Nomadic” means a communications network/topology which permits limited mobility of
one or more devices within the network:

“Fixed™ means a communications network/topology in which all devices are in a fixed
geographical location within the network:

“TPC” means Transmitter Power Control which is a feature of an apparatus for wireless
telegraphy which ensures a reduction in radiated power of 50% when the transmitting
device is in close proximity to the intended receiver.

ODTR 02/7]
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ANNEX 1

Current regulations in Ireland regarding the operation of Wireless Local Area Networks in
the 5GHz band require equipment to comply with the technical conditions detailed in
ERC/DEC/(99)23 and the draft harmonised standard for HIPERLAN Type 2 (EN 301 893).

The ODTR is aware that there are some technical difficulties at present in obtaining
equipment that will operate Dynamic Frequency Selection (DFS). as mandated by
ERC/DEC/(99)23. and that the specification for this facility has not yet been completed.
Therefore in the mterim period. prior to the completion of the specification of the DFS
performance characteristics. it has been decided to permit the operation of suitable equipment
without the DFS feature in accordance with the technical requirements detailed below (e.g.
IEEE 802.11a). This interim solution shall be withdrawn on the completion of the DFS
performance characteristics and the publication of the harmonised standard in the Official
Journal of the European Communities.

Tecimical Requirements.

[. Equipment shall meet the draft harmonised standard EN 301 893 except for the
requirement of DFS.

2. Equipment may only be used INDOORS.

3. The frequency band of operation may be either 5150 - 35250MHz or 5150 —
5350MHz. The maximum permitted radiated power shall vary depending on the
selection of frequency band (see Table 3 below).

4. A random channel selection mechanism shall be implemented across the entire band
selected, to ensure a uniform channel loading over the entire band.

5. Transmitter Power Countrol (TPC). where implemented, shall provide at [east 3dB
mitigation.

Table 3: Maximum Permitted Radiated Powers for Interim Solution

Frequency Band Maximumn Permitted Radiated Power (EIRP)
i TPC No TPC
5150 - 5250 60 mW 0mwW
5150 — 5350 120 mW 60 mW
ODTR 02/71
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