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Abstract 

The number of wireless communication applications increase steadily, 
leading to the competition for currently allocated frequency bands. Pressure on 
authorities around the world to permit communications in higher and wider 
frequency ranges to achieve higher wireless capacity than those existed in the 
past has resulted in several new specifications. The federal communication 
commission (FCC) in USA has unleashed the band 3.1-10.6 GHz for ultra-
wideband radio (UWB) communications. The release has triggered a worldwide 
interest for UWB. Other regulatory authorities throughout the world have issued 
use of UWB techniques as well. Capacity issues in form of data rate and latency 
have always been a bottleneck for broadened wireless-communication usages. 
New communication systems like UWB require larger bandwidth than what is 
normally utilized with traditional antenna techniques. The interest for compact 
consumer electronics is growing in the meantime, creating a demand on efficient 
and low profile antennas which can be integrated on a printed circuit board. In 
this thesis, some methods to extend the bandwidth and other antenna parameters 
associated with wideband usages are studied. Furthermore, methods on how to 
enhance the performance when one antenna-element is not enough are studied as 
well.  

The principle of antenna parallelism is demonstrated using both microstrip 
patch antennas and inverted-F antennas. Several techniques to combine the 
antennas in parallel have been evaluated. Firstly, a solution using power-splitters 
to form sub-arrays that covers one 500-MHz multi-band orthogonal frequency 
division multiplexing (OFDM) UWB is shown in Paper I. It is then proposed 
that the sub-bands are selected with a switch network. A more convenient 
method is to use the later developed frequency multiplexing technique as 
described in Papers V and VIII. Using the frequency multiplexing technique, 
selective connection of a number of antennas to a common junction is possible. 
The characteristic impedance is chosen freely, typically using a 50-Ω feed-line. 
Secondly, in Paper VIII a frequency-triplexed inverted-F antenna system is 
investigated to cover the Mode 1 multi-band UWB bandwidth 3.1-4.8 GHz. The 
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antenna system is composed of three inverted-F antennas and a frequency 
triplexer including three 5th order bandpass filters. In Papers VI and X a triplexer 
without and with low noise amplifier (LNA) integrated in a printed circuit board 
for multi-band UWB radio is presented. The triplexer utilizes a microstrip 
network and three combined broadside- and edge-coupled filters. The triplexer is 
fully integrated in a four metal-layer printed circuit board with the minimum 
requirement on process tolerances. Furthermore, the system is built completely 
with distributed microstrips, i.e., no discrete component except the LNA. Using 
the proposed solution an equal performance in the sub-bands is obtained. Finally 
suitable monopoles and dipoles are discussed and evaluated for UWB. In Paper 
XI circular monopole and dipole antennas for UWB utilizing the flex-rigid 
concept are proposed. The flex-rigid concept combines flexible polyimide 
material with the regular printed circuit board material. The antennas are placed 
entirely on the flexible part while the antenna ground plane and the dipole 
antenna balun are placed in the rigid part. 
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Populärvetenskaplig sammanfattning 

Antalet trådlösa radioapplikationer bara ökar, vilket medför att konkurrensen 
om tillgängliga frekvensband hårdnar. År 2002 öppnade federal communication 
commission (FCC) i USA frekvensbandet 3.1-10.6 GHz för ultra 
bredbandskommunikation. Det här frisläppandet av bandbredd utlöste en våg av 
förnyat intresse för bredbandiga radiosystem bland forskare världen över. 
Konstruktion av ultra bredbandsradio (UWB) ställer nya hårdare krav på 
kompetens och designmetodik. Kapacitetsbegränsningar i form av fördröjning 
och datakapacitet har alltid varit ett problem för trådlösa överföringstekniker. 
Bandbreddskravet för ett typiskt UWB-system är mycket högre än vad som 
traditionellt har krävts av en antenn i ett kommunikationssystem. Detta samtidigt 
som man eftersträvar att bygga små, kompakta system som kan integreras i alla 
möjliga sammanhang. I den här avhandlingen har olika metoder för att 
kontrollera viktiga parametrar i bredbandskommunikation, som till exempel att 
öka antennens impedansbandbredd. Förutom det har olika lösningar för att 
kombinera flera antenner studerats, det vill säga att effektivt koppla samman 
flera radiatorer parallellt när en antenn inte räcker till. 

Principen för antennparallellism demonstreras både med microstrip patch- 
antenner och med inverterade-F antenner. En teknisk lösning baserad på switchar 
och delare har utvärderats. Ytterligare en teknisk lösning som studerats ingående 
för antennparallellism är frekvensmultiplexning. Med frekvensmultiplexning kan 
varje antenn täcka en del av det totala frekvensbandet, vilket kan vara ett 500 
MHz frekvensband i UWB sammanhang. Förutom multiantennlösningar har även 
bredbandiga antennelement och möjliga integrationslösningar studerats. Speciellt 
intressant är antennintegration på så kallat ”flex-rigid” substrat som är en 
kombination av traditionellt (icke böjbart) och mjukt böjbart 
mönsterkortsmaterial. Det flexibla substratet är större och sticker ut från det 
hårda, således får man en fast (eng. rigid) och en flexibel (eng. flex) del. Den 
flexibla delen lämpar sig för att placera själva antennen som sen kan böjas åt 
olika håll. I rigid delen kan man placera övriga transceiverkomponenter som till 
exempel en balun. 
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1. Introduction 

Wireless data transfer capacity is a returning issue in modern wireless 
communications. To make a rough simplification there are two variables to work 
with: information density per frequency-unit and the occupied frequency 
bandwidth. To use a wide bandwidth enables more data transfer capacity but 
imposes great challenges to the transceiver front-end. The analog front-end 
including the antenna has been an important part ever since the first wireless 
communication system was invented. It has been subjects for a lot of research 
throughout the years, with various parameters in focus in order to further enhance 
system performance. When the idea of ultra wideband radio (UWB) entered the 
scene, the interest for radio frequency front-ends with very large bandwidth has 
got a rebirth. 

1.1. Background and Motivation 
Most of today’s radio systems operate above 1 GHz, which are traditionally 

known as pure microwave frequencies. To build radio systems with both high 
frequencies and wide bandwidths demands new knowledge and approaches. First 
of all, high frequency designs cannot be treated the same way as for low 
frequency electronics, i.e., all signals must be treated as waves according to the 
transmission line theory. Traditional electronics design rules and techniques must 
be complemented with new rules and tools. Secondly a wide band operation has 
its own challenges with many complex questions. Classical radio systems utilize 
bandwidths that are within a couple of percents of the center frequency (CF). A 
narrow bandwidth provides large freedom for other antenna parameters. 
However, new technologies like UWB may utilize a relative bandwidth even 
larger than the CF. To build antennas with acceptable performance variation 
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within such a wide bandwidth requires a thorough control of several antenna 
variables. Match techniques for narrow band circuits used in classical radio 
frequency (RF) systems is well known among RF designers, but designing 
wideband circuits and systems needs a new approach. When discussing 
bandwidth at high frequencies the definition fractional bandwidth or relative 
bandwidth is commonly used, which is the ratio of bandwidth over the CF. 

1.2. Objectives 
Emerging new wideband standards like UWB imposes new demands for 

wideband front-end systems. First of all, understanding of the specifications is 
needed to determine system requirements. Secondly, to design a front-end with a 
high fractional bandwidth requires a good knowledge about underlying theories 
and techniques. Finally, based on those studies different approaches for 
wideband antenna and front-end systems for the UWB bandwidth 3.1-10.6 GHz 
have been studied in this work. The goal is not only to find an antenna that has 
enough fractional bandwidth, but also to take the specifications of respective 
UWB services into account so that more efficient antenna solutions can be 
developed. 

1.3.  Outline of the Thesis 
The thesis is of summary style, which presents the background of the work, 

the underlying technologies to be studied, and the finished scientific papers that 
suit the scope of the thesis. In Chapter 2 antenna theory and wideband antenna 
technologies are discussed. Chapter 4 presents UWB and the driving force for 
broad-band antennas. Chapter 5 gives detailed information about the author’s 
contribution in the scientific papers. 

In chapter 2 various theories and approaches to extend the bandwidth of 
wideband antennas are discussed. Their suitability for various UWB services is 
commented, supported by listed references. 

In chapter 3 the types of antennas used in this work are presented. The 
microstrip patch, monofilar spiral, inverted-F, monopole, and dipole antennas are 
described.  
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In chapter 4 the UWB technology, potential, and various usage examples are 
summarized. The focus is on the applications, implementations, and areas most 
relevant to the scope of this thesis.  
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2. Ultra-wideband Radio Antennas 

For over a century mankind has explored the electromagnetic phenomena that 
transmit signals through the air, well known as radio waves. The link between the 
electric circuitry and the air has always been a mysterious thing to many people. 
In fact, as all other technologies to build antennas starts from fundamental 
theories combined with the modern science. The bandwidth utilization of 
communication systems has increased throughout the years. Some of the very 
first implementations were very bandwidth consuming. However, it is only in 
modern times when antennas possess intentional wideband capabilities. In most 
consumer applications, space is an issue therefore planar or preferably integrated 
antennas on a printed circuit board are of interest for investigation. 

2.1. Antenna History 
Since there were lack of knowledge how to generate continuous waves, the 

radio pioneers had to rely on resonant circuits to feed the antenna. Such resonant 
circuitries generate damped sinusoidal impulses. In the time domain the 
transmission is seen as a train of impulses. Naturally when transferred in the 
frequency domain such a kind of pulse transmission consumes a very wide 
frequency band around the impulse center frequency. However, the fundamentals 
of electromagnetic wave propagation through the medium were known by the 
scientists a century ago. The relation among frequency, phase velocity, and 
wavelength had been established long time ago. This knowledge soon led to the 
idea of wavelength or frequency selected communication channels 373H[1]- 374H[3], the 
route towards the frequency-selective narrowband systems seen in many wireless 
applications today. A variety of resonant antenna technologies like the patch 
antenna have been presented since then. Parameters such as directivity, gain, and 
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polarization often received more attention than the bandwidth extension, since 
with a fractional bandwidth of only a few percents the impedance-bandwidth 
performance of antennas has not been a issue before 375H[2]- 376H[5]. However, with 
today’s UWB requirement the antenna bandwidth can be a bottle neck of a 
wireless communication system.  

2.2. Theory and Techniques 
Maxwell’s well known equations lay the foundation of all electromagnetism 

and therefore the foundation of antenna technologies. Originally Maxwell’s 
equations consisted of a total of 20 equations describing the behavior of electric 
and magnetic fields. More commonly used is the differential form of Maxwell’s 
equations that describes the fields at a particular point in space, also known as the 
four fundamental equations of electromagnetism, shown in Eqs. 2.1-2.4 377H[1], 378H[2]. 
Were E  is the electric field intensity in volts per meter and tρ  is the total electric 
charge density in coulombs per cubic meter. As seen in Eq. 2.5 the total electric 
charge density is dependant of the free charge density fρ , and the bound charge 
density bρ . Furthermore, the bound charge density depends of the electric 
polarization in coulombs per square meter P , see Eq. 2.6. B  is the magnetic 
induction in teslas, mJ  is the current density resulting from the flow of charges in 
matter, in amperes per square meter, fJ  is the current density of free charges, 

dtdP  is the polarization current density, M×∇  is the equivalent current density 
in magnetized matter, and M  is the magnetization in amperes per meter. 0ε  is the 
permittivity of free-space, and 0μ is the permeability of free-space. The equations 
are partial differential equations involving space and time derivatives of the 
electric ( E ) and magnetic ( B ) field vectors, the total charge density ( tρ ), and the 
current density ( mJ ). However, the equations do not yield any values of E  and 
B  directly before integration with proper boundary conditions applied. Eq. 2.1 is 
also known as Gauss’ law and describes how charges produce electric fields. Eq. 
2.2 yields magnetic flux conservation, i.e., there are no magnetic charges. Eq. 2.3 
shows Faraday’s law, showing that a change in the magnetic environment will 
induce a voltage, i.e., typically in a coil of conducting wire. Eq. 2.4 is known as 
the Generalized Ampere’s law or Maxwell-Ampere’s law. It shows the relation 
between the magnetic field, current flow and electric field 379H[1], 380H[2]. 
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0ε
ρ tE =•∇   (2.1) 

0=•∇ B   (2.2) 

0=+×∇
dt
dBE   (2.3) 

mJ
dt
dEB 000 μμε =−×∇   (2.4) 

Were: 
bft ρρρ +=   (2.5) 

Pb •−∇=ρ   (2.6) 

M
dt
dPJJ fm ×∇++=   (2.7) 

 
Based on the very principles of its operation an antenna has its typical 

characteristics or behavior. In order to break the performance boundaries of a 
certain technology, various techniques have been developed through the years. 
For instance, parasitic or resistive loading in various forms has been presented 
381H[2]. Antennas relying on smooth changing geometrical shapes has also been 
investigated 382H[2], 383H[6]. The geometry of the antenna is altered so that the physical 
fundamental in terms of resonance length is no longer defined by a single distinct 
geometric length. Furthermore, to extend the bandwidth by using more than one 
resonating radiating element is another method. It can either be a multi-element 
resonating antenna structure or an array of antennas combined. 

 

2.2.1. Antenna Principles and Printed Circuit Board Integration 

An electromagnetic wave originating from a point source propagating in free 
space will propagate uniformly in all directions. At a far distance the radiation 
from the antenna has plane wave properties, i.e., a plane wave propagating in the 
far-field region 384H[1], 385H[7]. The velocity when propagating in free-space ( c ) is given 
by Eq. 2.8, were 0ε  is the permittivity of free-space, and 0μ is the permeability of 
free-space. Eq. 2.9 shows the ratio between magnetic and electrical properties η  
that defines the free-space wave impedance. Furthermore, for free-space the 
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relation between frequency 0f  and wavelength 0λ  is then only dependant of c , 
see Eq. 2.10 386H[1], 387H[7]. 

 

m/s 1031 8

00

∗≈=
εμ

c   (2.8) 

Ω≈=  377/ 00 εμη   (2.9) 

0
0 λ

cf =  (2.10) 

 
Meanwhile propagation in a medium is also dependant of the relative 

parameters, i.e., the phase velocity v  in a non-conducting medium. The relative 
parameters for permittivity, and permeability are rε , and rμ , respectively. In air 
the propagation is normally approximated to be equal to that in the free space, 
i.e., 1=rε  and 1=rμ . For non-conducting material the complete expression for 
permittivity is defined as 0εε r , and the permeability are 0μμr . The Maxwell’s 
wave equations for non-conducting materials are therefore defined as in Eqs. 
2.11 and 2.12. 

 
EE rr

2
00

2 ωμμεε−=∇  (2.11) 

HH rr
2

00
2 ωμμεε−=∇  (2.12) 

 
The phase velocity pv  of non-conducting material is then defined as in Eq. 

2.13 and phase velocity in relation to free space propagation in Eq. 2.14. It is 
seen that the phase velocity relative to c  slows down with the square-root of rε  
and rμ . Eq. 2.15 shows the index of refraction n , which is the ratio that the 
phase velocity slows down relative to free-space propagation. 
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1
μμεε rr
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In a non-magnetic medium the index of refraction is equal to the square root 
of the relative permittivity, i.e., in a non-magnetic material 1=rμ , see Eq. 2.16. 
The FR4 and the Rogers printed circuit board materials are considered as non-
magnetic materials. The phase velocity is then simplified to the expressions in 
Eqs. 2.17 and 2.18. The relation between frequency and wavelength in non-
magnetic material is then dependant of the relative permittivity as seen in Eq. 
2.19. It should be noted that the phase velocity is valid for propagation within the 
dielectric material. For printed circuit board antenna integration it must be noted 
that the radiating antenna element has air on one side and a dielectric on the other 
side, i.e., the propagation depends on the effective permittivity. The antennas 
electrical field in the reactive near-field region spreads out partially into the 
dielectric material and partially into the surrounding air. Together with the 
length, and width ratio this gives an effective dielectric constant that depends on 
the actual implementation. 

 
rn ε=  (2.16) 

0

1
εε r

pv =  (2.17) 

r
p

cv
ε

=  (2.18) 

r

cf
ελ

=  (2.19) 

 
Conventional printed circuit boards consist of one or more dielectric 

materials. The dielectric material consists of non-magnetic material with a typical 
permittivity of 2-5. There are some printed circuit board materials that are soft, 
e.g., flexible polyimide-based material, so-called flex-foils. The polyimide 
material is a type of polymer consisting of imide monomers. Recent advances in 
process techniques make it possible to combine the soft flex-foil material with 
the traditional printed circuit board material, i.e., the flex-rigid concept as shown 
in X388HFig. 1X. The main advantage with the flex-foil material is that it can be bent and 
shaped in many ways. The flexible properties are widely used to create foldable 
printed circuit boards 389H[8]. In Paper X the possibilities of implementing circular 
monopole and dipole antennas on the flex-rigid structure are studied. For 
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instance, it is shown that a dipole can be placed entirely on the flexible part while 
its balun is integrated in the rigid part. 

 

Metal 2: antenna 
 
 
 
 
Metal 3: ground 

Metal 1 
 
 
 
 
 
 
Metal 4 

Rigid 
 

Flex 
 

Rigid 

 
(a) Substrate cross-section. 

 

Rigid                     Flex 
 
 
 
 

Rigid 
 

(b) Bendable property. 

Fig. 1. Flex-rigid structure: (a) detailed cross-section, and (b) bendable property. 

 
The antenna bandwidth can be defined with respect to several parameters. 

For UWB antennas the impedance bandwidth is one of the primary ones. There 
are several ways to define the impedance bandwidth, which means that a 
requirement is set up for the impedance mismatch, i.e., the reflection measured 
with a return loss or standing wave ratio (SWR) criteria. Since an absolute 
bandwidth value says very little about the performance a reference is commonly 
used, i.e., the bandwidth is set in relation to the center frequency. The center-
frequency is then defined linearly or with respect to the geometrical average. Eq. 
2.20 shows that the bandwidth BWΔ  is a frequency span determined by the upper 
frequency band limit 2f  and the lower limit 1f . Eq. 2.21 shows the equation for 
the linear center frequency linCf _ , i.e., the arithmetic center frequency. Eq. 2.22 
shows the equation for the logarithmical center frequency log_Cf , i.e., the 
geometrical center frequency. The bandwidth ratio is then defined by Eq. 2.23, 
were xCf _  represents the linear or logarithmical center frequency. A common 



2.2. Theory and Techniques 

 11

way to present relative bandwidth is to express it in percentage as in Eq. 2.24. 
Eqs. 2.25, 2.26 show complete expressions for the bandwidth ratio, dependant 
only of bandwidth limits, linearly and logarithmically, respectively 390H[2], 391H[6], 392H[7].  

 
1ffBW 2 −=Δ  (2.20) 
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=  (2.21) 
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ff
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21

1
log_ 100%

ff
ffbw 2
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−
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In the above section bandwidth definitions are described. Apart from 

impedance definitions the frequency limits 1f  and 2f  can be defined by radiation 
and polarization performance definitions 393H[7]. Moreover, different antenna types 
have different advantages and weaknesses, and therefore different definitions are 
needed from case to case. In general interesting parameters are the direction of 
the main beam, lobe levels, beamwidth constraints as the half-power beamwidth, 
beam coverage and angle constraints, directivity, gain, efficiency, phase linearity, 
and effective area. The direction of the main lobe is the center of the main 
radiating lobe. Side, and back lobe ratios are definitions of the degree of 
suppression of secondary lobes compared to the main lobe. Directivity ( D ) is a 
definition of how focused the antenna radiation is, i.e., only the rate of focus 
because no loss is included. Gain (G ) is similar to the directivity, but with the 
difference that it is the actual radiation strength with a reference, i.e., radiation in 
a certain direction and at a particular frequency with a reference radiation. For 
instance, the isotropic gain (dBi) has a reference to be an isotropically (uniformly 
in all three dimensions) radiating source 394H[2], 395H[6], 396H[7]. As seen in Eq. 2.27 the 
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relation between directivity and gain is also a definition for radiation efficiency 
(η ) 397H[7]. The radiation efficiency can also be seen as a relation in power flow, i.e., 
between the actual radiated power ( radP ) and by the antenna input accepted 
power ( acceptedinP _ ) 398H[7], as seen in Eq. 2.28. A third way of describing the antenna 
radiation efficiency is to relate to radiation resistance ( radR ) and antenna radiation 
loss ( LR ), i.e., the quote between radiation resistance and radiation resistance 
plus radiation loss as seen in Eq. 2.29. The radiation resistance requires a more 
detailed description for understanding of the radiation efficiency. A charged 
electron has because of the charge an own electric field. The field then 
dynamically creates a force upon the electron itself. As a result the motion of the 
electron is resisted by the force. Moreover, the related drag force is therefore 
behind the radiation resistance. Current flowing in opposite direction to the 
radiation resistance is converted to electromagnetic energy. Moreover, the 
oscillating electrons collide with atoms during their motion, causing loss in terms 
of heating or ohmic resistance 399H[7]. 

 

D
G

=η  (2.27) 

acceptedin

rad

P
P

_

=η  (2.28) 

Lrad

rad

RR
R

+
=η  (2.29) 

 

2.2.2. Parasitics, and Resistive Loading 

The main advantage of this type of techniques is that the resistive loading 
damps reflections and therefore extends the antennas operational impedance 
bandwidth. The loading element can be a termination or a parasitic dielectric 
loading applied to the antenna. In this section the dielectric material is utilized 
for loading purposes. Naturally when an antenna is integrated onto a printed 
circuit board the dielectric has impact on the antenna as well but the main focus 
here is when the dielectric material is added for electrical loading purposes and 
not as physical carrier. The largest drawback of these techniques is the low 
efficiency due to the fact that signal is consumed as material or termination loss 
400H[2], 401H[3]. However, there are some exceptions when resistive loading might be a 
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good choice to damp undesired behavior of the antenna, or to achieve a low input 
reflection for an electrically small antenna or suppression of undesired back-lobe 
radiation 402H[2]. For a transmitting antenna the lower radiated power can be 
compensated by increasing the antenna input power, assuming that the device is 
not a handheld device limited by battery lifetime requirements. For the receiver 
side, loss degrades the sensitivity of the antenna and therefore also lowers the 
signal to noise ratio (SNR) 403H[2]. The technique of resistive loading is definitively 
a questionable solution in practice but some useful enhancement in term of 
lowered dispersion by proper loading is possible 404H[3], 405H[4]. The dispersion 
performance is improved due to lowered reflections from the antenna end or 
edges. In particular impulse UWB systems are sensitive towards dispersion, i.e., 
short timed impulses continuously occupies a wide frequency band during the 
actual transmission 406H[2], 407H[3]. For instance, frequency-independent antennas are 
known to suffer from dispersion 408H[2], 409H[3]. A dispersive behavior is clearly seen 
with a transient response, commonly with a monocycle impulse as the response 
signal 410H[9]. It is shown in 411H[10], 412H[11] that the ringing effects in a bowtie antenna 
can be reduced with resistive loading. For impulse UWB communication the 
ringing is important due to that ringing increase the lowest possible cycle 
repetition time 413H[2], 414H[10], 415H[11]. These types of antennas are interesting in ground 
penetrating radar systems 416H[10], 417H[11]. Restive loading can be achieved in many 
ways; resistors can be placed within the substrate with modern printed circuit 
board technology as proposed in 418H[12], see X419HFig. 2X. As an example it is shown that 
backward traveling waves can be minimized in an Archimedean spiral antenna. 

 
(a) Unloaded microstrip lines. (b) In substrate loaded microstrip lines. 

Fig. 2. Inside substrate loading: (a) microstrip lines without loading, and (b) 
microstrip lines with in-substrate loading. 

 
Enhancement of the receiver sensitivity in impulse systems of both electrical 

and magnetic dipole antennas is possible with suitable loading 420H[13]. Resistive 
coupling also affects the mutual coupling in antenna arrays 421H[14]. It is shown in 
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422H[14] that the radiation efficiency of a dual dipole antenna array is directly 
dependant of the resistive loading on the dipole antenna arms. As shown by a 
number of authors above the reflection can be reduced with resistive loading in 
various antenna technologies. Furthermore, other effects as energy and radiation 
concentration for various antenna geometrics when loaded and not loaded 
resistively have also been studied. For instance it is shown in 423H[15] that the effect 
of loading varies with the geometric ratio. It is also shown that bowtie and 
butterfly antennas with narrow-angled thin geometry exhibits an increased 
radiation focus when resistively loaded, while wide-angled broad geometries 
exhibit a decreased focus 424H[15]. Figs. 3a and 3b show a radial stub (butterfly 
antenna half) without and with resistive loading, respectively. 

Chip resistor 

Butterfly antenna 
(half) 

 
 (a) Without loading. (b) With loading. 

Fig. 3. Radial stub (Butterfly antenna half): (a) without loading, and (b) with 
loading. 

 
Transverse electromagnetic (TEM) horn antennas are in general quite broad-

banded. However, utilizing dielectric loading the fractional bandwidth of the 
antenna can be increased and potential ringing effects are minimized 425H[16]. 
Introducing extra loss through loading should not be seen as the primary antenna 
design solution to reach high impedance bandwidth but should still be seen as a 
possible path if the enhancements justify the drawbacks. It should be mentioned 
that the best performing UWB antennas currently available in terms of low 
reflection on the market has some type of loading 426H[2]. Such antennas can have a 
reflection of -30 dB or lower across decades of frequency bandwidth 427H[2]. 
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2.2.3. Multi- Band and Resonance Antenna Systems 

An antenna array is formed by combining an arbitrary number of antenna 
elements. The difference between this category and the previous technique to 
extend the bandwidth using parasitic coupling is that in this category an arbitrary 
number of radiating antenna elements or antenna components are used in multi-
resonant structures.T The structure can be fed directly with electrical interconnects 
or with Taperture feeding. Impedance match with electrical feeding systems is 
achieved using switches, power dividers or using Tmultiplexing techniquesT 428H[17], 
429H[18]. Furthermore, multiple antennas can be used to enhance performance, e.g., 
mitigation of narrowband interferers 430H[19]. 

A system based on switching selects the operative radiating antenna element 
by switching the electrical path as shown in X431HFig. 4X. The switching time and 
switch noise are two important factors. The switch settling time must be fast 
enough for the application to guarantee a matched impedance route during the 
transmission. Moreover, it is desired that the switching structure does not 
noticeably increase noise in any way 432H[17].  

Antenna 1
Antenna 2

Antenna 3
Antenna n

Array 
input 

Antenna 

Switch Array 
input 

Switch network 

 
(a) Two antenna array.  (b) Switch network. 

Fig. 4. Switched antenna system: (a) a two antenna array, and (b) a four output port 
switch network. 

Using power dividers as shown in X433HFig. 5X are a well known solution to 
electrically combine several radiating antenna elements. Array structures 434H[17] 
have been used for many purposes, e.g., to create a linear array with a focused 
radiation, and beam steering, etc. Each signal that is divided equally by two is 
lowered by 3 dB plus loss in the power divider compared to the original signal. 
Naturally when the signal is spread to many radiating antenna elements the signal 
received at each antenna is severely weakened. Moreover, compared to switched 
antenna systems power dividers do not need any settling time.  
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Antenna 1 
Antenna 2 

Antenna 3 
Antenna n 

Array 
input Power 

divider Array 
input 

Power divider 
networkAntenna 

 
 (a) Two antenna array.  (b) Switch network. 

Fig. 5. Antenna array using power dividers: (a) two antenna array, and (b) power 
divider network. 

 
A compromise is to use sub-arrays built with power dividers that then are 

combined with switches, as proposed in Paper I. The respective sub-arrays 
typically consist of one to four radiating antenna elements, an arbitrary number 
of sub-arrays can then be combined with a switching network 435H[17]. Therefore as 
seen in X436HFig. 6X power dividers and switches can be used to combine an arbitrary 
number of narrowband antennas in parallel in order to create a wideband multi-
band antenna system 437H[17]. Furthermore, the number of switches and power 
dividers can be choosen freely, and the system does not need to be symmetrical.  

Antenna 5
Antenna 6
Antenna 7
Antenna n

Array 
input 

Switch network 

Power 
dividers

Antenna 1  Antenna 2 

Antenna 3
Antenna 4

 
Fig. 6. An antenna array consisting of switches and power dividers. 

 
In a similar manner the dividers and switches can be replaced with a 

frequency multiplexing technique in order to build a broadband and multi-band 
antenna system 438H[18]. The multiplexing technique has the advantages of both a 
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switched antenna system and a power-divided system, i.e., no settling-time 
compared to a switched system and the signal is frequency-selected to the desired 
antenna element. X439HFig. 7X shows the principle of frequency multiplexing. X440HFig. 7Xa 
shows how the frequency band F is demultiplexed into the three parallel sub-
bands FB1B, FB2B, FB3B, while X441HFig. 7Xb shows the opposite way when doing a 
multiplexing operation. 

F=F1+F2+Fn 

F1 

F2 

Fn 

F=F1+F2+Fn 

F1 

F2 

Fn 

 
(a) Demultiplexing. (b) Multiplexing. 

Fig. 7. Frequency multiplexing: (a) demultiplexing, and (b) multiplexing. 

 
In Papers V and VII it is shown that multiplexing techniques can be used to 

obtain frequency-selective antennas. Paper V presents the concept of frequency-
multiplexed inverted-F antennas, and Paper VIII presents a fully integrated 
printed circuit board triplex antenna system suitable for Mode 1 UWB (3.1-4.8 
GHz). The proposed antenna system consists of three antennas, three bandpass 
filters and a frequency multiplexing network. It is shown that inverted-F antennas 
can be combined in parallel using the frequency multiplexing technique. The 
technique is demonstrated using edge-coupled filters in Paper V, and using 
combined broadside- and edge-coupled filters in Paper VIII. X442HFig. 8Xa shows a 
schematic of a triplexer. The network is realized with a microstrip technology. 
The triplexer consists of three series quarter-wavelength transmission lines, three 
bandpass filters, and three transmission lines for tuning of the filter impedance. 
The series transmission lines provide a high impedance at the respective 
frequency band. The filter tuning lines optimize the stop band impedance of each 
filter, to provide a high stop band impedance in the neighboring bands. The 
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network is optimized together with the filters to achieve flat passbands and a 
symmetric performance between the sub-bands. X443HFig. 8Xb shows a wireless 
communication utilizing frequency-triplexed transmitter and receiver antennas. 
Moreover, either side can be exchanged for a single antenna operating in the 
same frequency band while having three signal sub-channels. 

F1 

F=F1+ F2+ F3 

λ/4 @ F3 

λ/4 @ F2 

λ/4 @ F1 
Transmission-
line (T-line)

Bandpass 
filter 

T-line for stop-
band tuning 

F2 

F3 

 
(a) A triplexer network. 
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(b) Wireless transmission using triplexed antenna systems. 

Fig. 8. Frequency multiplexing network: (a) triplexer network, and (b) wireless 
transmission using triplexed antenna systems on both transmitter and receiver side. 

 
Another method is that one or several parasitic elements are added to enable 

a wider bandwidth, i.e., more possible resonances. This means that the antennas 
are equipped with one or several extra resonators such that each one is tuned to 
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resonate in a nearby frequency, i.e., the parasitic elements are fed by the main 
antenna element due to electromagnetic coupling 444H[20]. The passive radiators can 
be used both to increase the impedance bandwidth and to strengthen suppression 
of notches 445H[20]. Furthermore, parasitic elements are widely used to control the 
beam pattern, e.g., a more focused pattern as with the Yagi antenna 446H[7]. X447HFig. 9X 
shows two typical configurations for parasitic elements used as passive radiators. 
The passive radiators can be placed side by side with the driving antenna or 
stacked in a multi-layer construction. The electrically fed main radiators are 
coloured dark grey while the passive radiators have a lighter grey colour. 

Main radiator 

Parasitic element 

 
(a) Side by side radiators.  (b) Stacked radiators. 

Fig. 9. Parasitic elements: (a) side by side, and (b) multilayer stacked. 

 
A typical multi-band antenna is composed of several antennas or sub-band 

components, joined together. However, sometimes the objective is more or less 
the opposite; one wideband antenna for multi-band operation is desired. If some 
bandwidth need to be blocked for preventing interferences, frequency notching 
techniques shown in X448HFig. 10X are used to create small notches that block undesired 
bands, i.e., to divide the wide frequency band into two or more narrow sub-bands 
449H[21]. Usually a half wavelength resonant structure is used to create one notch, 
i.e., to create a high VSWR at the desired frequency. For instance, circular and 
elliptical dipoles can be equipped with notching characteristics, with triangular or 
elliptical half-wavelength cuts 450H[21]. Furthermore, in a similar manner narrow-
band notching can be achieved in a slot antenna technology 451H[22]. With additional 
frequency-compensation stubs attached to a square dipole antenna, bandwidth 
limitation, and control of the antenna is possible 452H[23]. With U-shaped slots a 
planar monopole antenna can have multi-band abilities ]. One wideband planar 
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monopole antenna and three U-shaped slots results in a frequency band with two 
band limiting notches 453H[24]. X454HFig. 10X shows two notched antennas 455H[24]. The 
illustrations show the principle that slits can be cut out in resonating antenna 
elements in order to divide or broaden the bandwidth. 

Antenna 

Notch slits 
Notch slits 

 
(a) Notched square patch antenna. (b) Notched circular antenna. 

Fig. 10. Notched radiators: (a) square patch with a rectangular notch, and (b) 
circular monopole antenna with two triangular notches. 

 
Multiple antenna solutions can also be used in a more traditional antenna-

array style to ensure high gain throughout the whole frequency-band 456H[25]. 
Several antenna elements can form a wideband multi-band antenna array with a 
common junction matched to 50 Ω or other desired input impedances 457H[17], 458H[18]. 
In general multi-band solutions create freedom to combine antennas for different 
services to one transceiver provided that a proper isolation between the antenna 
elements is preserved.  

2.2.4. Wideband Impedance Matching Through Geometrical Control 

It is possible to transform a well known, well defined, and narrowband 
antenna structure into a geometrical smooth wideband structure 459H[2]. The principle 
is quite simple, although in the same time it is infinitively complex to formulate. 
The whole antenna structure, all the way from the feed-line to the radiating 
elements, shall be designed such that the impedance transformation is done 
smoothly from the RF front-end impedance to the free space impedance 460H[2], 461H[7]. 
The goal is not to create a wideband matching for a narrowband antenna but to 
create a wideband matched antenna 462H[2]. The antenna becomes a virtual taper that 
aims to preserver smooth impedance transition throughout the entire frequency 
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band. A clear physical example of the philosophy is to compare a classical 
straight thin-wire monopole or dipole antenna with a circular, elliptical, or other 
smooth geometry monopole or dipole antenna 463H[2]. The straight wire 
implementation has a distinct physical length, i.e., a physical length that favors 
operation at a specific narrow frequency range. The distinct length makes the 
antenna relatively frequency dependant 464H[7]. The antenna impedance bandwidth is 
therefore limited to a frequency-range where the electrical length has a minor 
deviation from the optimal wavelength condition. This kind of geometrical 
solutions varies from a classic square or circle to almost any geometrical shape. 
The common philosophy behind them is that they rely on area shapes, i.e., area 
geometries that allow the input impedance to be controlled over a wide frequency 
bandwidth. Circular, elliptical, triangular, square, bulb, and heart-like structures 
have been proposed to give some examples 465H[26]-466H[33]. X467HFig. 11X shows a 
comparison between a typical narrowband antenna and a geometrically 
controlled wideband antenna. The narrowband antenna is matched at a small 
frequency range using lumped or distributed matching networks 468H[7]. The 
wideband antenna has an integrated tapered-matching due to the geometrically 
controlled design. 

 

Narrowband antenna 

Matching network 

RF front-end 

Wideband antenna 

Tapered matching 
structure integrated 
with the radiator 

RF front-end 

 
(a) Narrowband antenna. (b) Wideband antenna. 

Fig. 11. Antenna systems: (a) a narrowband antenna implementation, (b) a 
wideband antenna implementation. 
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2.3. A Summary of UWB Antenna Technologies 
The field of proposed UWB antenna solutions reaches from large bulky three 

dimensional solutions to small planar electrical monopoles 469H[2], 470H[34], 471H[35], and 
472H[37]. Frequency-independent antenna structures, magnetic antennas, and slot 
solutions are some other interesting categories. A major filed for UWB short 
range communications is for indoor applications, where an omnidirectional 
radiation pattern is desired 473H[34], 474H[36]. However, in point to point links a high 
directivity antenna is more suitable. Horn and reflector antennas are typical 
antennas that have such properties 475H[2]. Moreover, the technologies that are most 
relevant for this thesis are prioritized, i.e., planar structures suitable to be printed 
on printed circuit boards. 

2.3.1. Frequency-independent Antennas 

Frequency-independent antennas rely on a scaled geometry, such that the 
operational center changes with the frequency, i.e., a frequency-independant 
physical structure. The major advantage is that the frequency bandwidth is 
limited only by the degree of scaling. The largest size sets the lower frequency 
limit, while the minimum physical size defines the upper frequency limit. The 
major disadvantage is that since the operational center changes, the phase center 
changes as well 476H[2], 477H[7]. The moving phase center causes dispersion, i.e., non-
linear phase behavior 478H[2]. Some transceiver architectures are sensitive towards 
this kind of distortions. Typical frequency-independent antennas are the spiral 
antenna, fractal based antennas, and logarithmic periodic antennas 479H[2], 480H[7]. Back 
in the 1970s, B. Mandelbrot 481H[7] defined the term “fractal” to be any set of 
geometrical objects that have self-similar shapes. A basic property is that a 
fractal must have a fractional dimension. Mathematically this means how 
effectively the object fills space. A fractal curve fills the space better than any 
classical Euclidean surface (a plane solid surface obeying Euclid’s postulates), 
and therefore this property reduces the antenna size relative to the Euclidean 
surface 482H[7]. Figs 12a and 12b show two examples of fractal antennas, a Fractal 
loop antenna and a Sierpinski antenna, respectively. The Fractal loop antenna 
consists of squares that are repeated with a self-similar pattern, while the 
Sierpinski antenna consists of triangles that are repeated likewise. The fractal 
loop antenna is a three times iterated fractal antenna, i.e., the first iteration from 
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one single square, the second from five squares joint, and the third iteration from 
five five-squares joint together. The Sierpinski antenna shown is a four times 
iterated antenna, i.e., one triangle, three triangles, three three-triangles, and nine 
three-triangles, respectively. The principle of operation is that regardless if the 
antenna is built up with squares or triangles geometries each iteration creates a 
unique antenna, and the next iteration is a self-scaled version of the previous 
iteration. Moreover, all the iterations have their own resonant frequencies 483H[7], 
e.g., for the Sierpinski antenna this means that each iteration is a unique bow tie 
antenna. 

 

 
(a) Fractal loop antenna. (b) Sierpinski antenna. 

Fig. 12. Fractal antennas: (a) Fractal loop antenna, and (b) Sierpinski antenna. 

 
Another frequency-independent antenna is the spiral antenna; the equi-

angular spiral antenna is shown in X484HFig. 13X. The most important property of the 
equi-angular spiral antenna compared to non-logarithmic spiral antennas is that 
the antenna better remains frequency-independent when it is truncated 485H[7]. 

 

 
Fig. 13. Equi-angular spiral antenna. 
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2.3.2. Electrical Antennas (Small Element) 

The group of electrical antennas contains a large geometrical variety of 
physical implementations. The radiation pattern is in general rather 
omnidirectional, and therefore the antennas are suitable for many types of 
wireless communications. Implementations are common in both three 
dimensional and two dimensional geometries. Due to the omnidirectional pattern 
and better phase behavior than for instance frequency-independent antennas this 
group contains some of the most important UWB antennas 486H[7], 487H[27]-488H[31]. 
Electrical antennas are voltage driven antennas that may have many shapes to 
achieve desired impedance matching, radiation pattern, and polarization. Conical, 
circular, bulbous, and squares are some common shapes used in broadband 
communications. The principle is that curved geometries create wideband 
tapered impedance-matching 489H[2], 490H[7]. The antenna realization may be a dipole as 
well as a monopole with ground-plane. A planar cone (bow tie) antenna has its 
volumetric equivalent 491H[2]. The oldest known electrical antenna is Lodges conical 
antennas reported back in the 1890s 492H[2]. Moreover, Lodge introduced the planar 
bow tie antenna at the same time 493H[2]. Figs. 14a and 14b show a bow tie antenna, 
with an apex angle of 30º and 90º, respectively.  

 
 

Apex angle 

30° 90° 

Feed 
point 

 
(a) 30º Apex angle. (b) 90º Apex angle. 

Fig. 14. Bow tie antennas: (a) antenna with 30º apex angle, and (b) antenna with 90º 
apex angle. 
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The inversed bow-tie more known as the diamond dipole antenna was 
introduced by Masters 1947 494H[2]. Other common implementations of the bow tie 
or diamond structures are the Bishop’s hat, and the hexagonal dipole. X495HFig. 15 Xa 
shows a diamond dipole antenna, and X496HFig. 15Xb shows a Bishop’s hat antenna. 
The major reason for these modified diamond dipoles is that the traditional bow 
tie is known to difficult too match severely limiting the practical usefulness of 
the antenna 497H[2], 498H[31]. The Bishop’s hat is to be seen as a tapered diamond dipole 
where the integrated taper to the antenna provides a wideband matching.  

 

 

Feed 
point 

 
 (a) Diamond dipole antenna. (b) Bishop’s hat antenna. 

Fig. 15. Diamond dipole antenna: (a) a diamond dipole antenna, and (b) a Bishop’s 
hat antenna. 

 
Another important antenna type in the art of electrical antennas is the bulbous 

antenna. The name originates from the simple fact that some of the first antennas 
within this category had bulbous silhouettes. Two typical bulbous antennas are 
shown in X499HFig. 16X. Today several circular, elliptical, and bulbous shapes are 
classified as bulbous antennas 500H[2], 501H[26]-502H[31]. The center resonance frequency of 
bulbous antennas depends not only on the antenna length but also on the 
circumference 503H[7]. This property gives the advantage of a more compact shape 
relative to a narrowband straight wire dipole antenna 504H[2]. In fact as discussed in 
section 2.2.4 the operational frequency band is not dependant only of a distinct 
arm-length anymore. Instead the bandwidth is more defined by the surface 
revolution 505H[2]. Naturally since the circumference distance from the feed-point to 
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the far-side is longer than a straight line, a bulb shaped geometrical antenna has a 
lower operational frequency than a straight wire antenna with the same length. 
Lindenblad’s television antenna is known as the original bulbous antenna. The 
antenna has a reported VSWR lower than 1.1 impedance bandwidth of 24 MHz 
at a center frequency of 164 MHz, designed to cover four 6 MHz television 
channels 506H[2]. 

 

Feed 
point 

 
(a) Bulbous dipole antenna I. (b) Bulbous dipole antenna II. 

Fig. 16. Two typical bulbous dipole antennas: (a) bulbous dipole antenna I, and (b) 
bulbous dipole antenna II. 

 
Another sub-category of bulbous antennas investigated for UWB systems are 

covers circular, and elliptical antennas. Circular, and elliptical shapes have been 
proposed both as monopoles and dipole antennas for UWB. The circular shape 
versus the elliptical shape is a trade-off between radiation pattern and the 
impedance matching. The circular shape is symmetrical and therefore has a 
relatively uniform radiation pattern, i.e., an omnidirectional pattern. For the 
elliptical antennas the radiation pattern becomes less uniform as the eccentricity 
increases 507H[2], 508H[7]. X509HFig. 17X shows a circular dipole antenna and an elliptical dipole 
antenna. 

 



2.3. A Summary of UWB Antenna Technologies 

 27

Feed 
point 

 
(a) Circular dipole antenna. (b) Elliptical dipole antenna. 

Fig. 17. Dipole antennas: (a) circular dipole antenna, and (b) elliptical dipole 
antenna. 

 
Ellipses with low eccentricity are referred to as fat ellipses while really oval 

shaped discs are known as skinny ellipses. X510HFig. 18Xa shows a fat ellipse, and X511HFig. 
18Xb shows a skinny ellipse. Depending on parameter priorities different optimal 
ratios can be chosen. As mentioned earlier a more circular structure has a more 
uniform radiation. 

 

Feed 
point 

 
(a) Fat ellipse. (b) Skinny ellipse. 

Fig. 18. Elliptical dipole antennas: (a) fat ellipse, and (b) skinny ellipse. 

 
Rectangular or square (when symmetrical) antennas are another set of 

antennas that have been explored for UWB. Monopole and dipole designs have 
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been presented 512H[2], 513H[6], 514H[38]. In a typical monopole antenna implementation on 
PCB the ground plane is placed side by side with the radiator 515H[6], and not to be 
mixed with the microstrip patch antenna. A planar square dipole antenna may 
have more than 40% relative bandwidth with respect to its arithmetic center 
frequency 516H[6]. A square monopole and dipole can be seen as a thick version of a 
thin wire monopole and dipole, respectively. However, with the difference that 
the thin wire antennas rely on one resonance determined by its length and the 
square antennas have a bandwidth determined by the square geometry. 
Moreover, the square antenna has a lower edge frequency of bandwidth that is 
dependant of the antenna length and width. Figs. 19a, 19b, and 19c show a 
square, rectangular, and a trapezoidal antenna, respectively.  

Feed 
point 

Width

Le
ng
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Feed 
point 

 
(a) Square. (b) Rectangular. (c) Trapezoidal. 

Fig. 19. Rectangular, square antennas: (a) square, (b) rectangular, and (c) 
trapezoidal. 

 
The square antenna has a relatively high relative bandwidth. However, efforts 

have still been done to extend the antenna performance. Several modifications 
have been suggested for the square antenna to improve the impedance 
bandwidth, e.g., a bevel cut, shorting pins, and slot hole in the antenna 517H[6]. Figs. 
20a and 20b show a square antenna with a bevel and antenna with a shorting pin, 
respectively. A bevel may be used in any of the square antenna corners to make a 
desired change to the input impedance 518H[6]. A slot hole in the antenna will steer 
the current distribution through the radiating element, and therefore also change 
the input impedance 519H[6], 520H[7]. A square antenna that has 40% relative bandwidth 
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without any modification can at least have 50% with a bevel or any other of the 
suggested modifications 521H[6]. 

Feed 
point 

Shorting 
pin 

Bevel 

 
 (a) With a bevel  (b) With a shorting pin. 

Fig. 20. Square antenna: (a) with bevel, and (b) with a shorting pin. 

 

2.3.3. Magnetic and Slot Antennas (Small Element) 

The magnetic antennas are current driven. The antennas rely on one or more 
current loops and have dominant magnetic near-fields. Magnetic fields couple 
less than electric fields therefore magnetic antennas are popular in embedded 
systems 522H[7], 523H[2]. Small element magnetic antennas can be seen as a physical 
implementation of magnetic Hertzian dipoles 524H[2]. If an ideal electrical Hertzian 
dipole is aligned so that it generates an omnidirectional vertical polarization 
pattern the corresponding ideal magnetic Hertzian dipole generates a horizontal 
polarization pattern 525H[2], 526H[7]. Typical magnetic antennas are large current 
radiators, mono-loops, loops, and slot antennas 527H[2], 528H[7]. 

X529HFig. 21X shows a typical large current radiator antenna. The large current 
radiator antennas consist of a relatively large conducting sheet above a ground-
plane. The conducting sheet is fed differentially Differential feeding is done on 
two opposite sides, usually the two short sides in a rectangular geometry. There 
are two documented issues with the large current radiating antennas. First as with 
all conducting sheets, current tends to concentrate on the edges, i.e., making it 
difficult to achieve a uniform current distribution in the sheet. However, it has 
been reported that cutting the sheet into parallel sections reduces this issue 530H[2]. 
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The second issue is that magnetic field is equally generated on each side of the 
metal, causing the problem that up to half the magnetic field energy is trapped by 
the ground plane. Naturally this impacts negatively on the antenna efficiency 
since the resulting narrowband resonances must be damped with some type of 
loss mechanism 531H[2], 532H[7].  

 

Feed 
point 

Differential feed 

Ground 
plane 

Radiator 

 
(a) Top view. (b) Side view. 

Fig. 21. A large current radiator: (a) top view, and (b) side view. 

 
As shown in the previous sections printed strips are used in many ways to 

build frequency-independent, electrical, and magnetic antennas. The difference 
between a strip and a slot is shown in X533HFig. 22X. More or less the physical opposite 
of a strip is a slot. A slot is a hole cut out in the metal to form an aperture that 
shapes the current flow.  

 

Strip  Slot 
Conductor

 
(a) Strip. (b) Slot. 

Fig. 22. Strips and slots: (a) a strip, and (b) a slot. 

 
X534HFig. 23X shows a λ/2 slot antenna in an infinite ground plane. This type of slot 

antenna is virtually a dual of a dipole antenna. In the slot antenna magnetic fields 
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replace the electric fields of a dipole antenna. The radiation from the short edges 
of the slot can be neglected due to the fact that the width is much smaller than the 
slot length and one wavelength 535H[7]. Moreover, due to the same reasoning the 
current flow at the long-sides are parallel and in counter phase, i.e., the fields are 
opposite directed and cancel out each other. The net radiation of the slot antenna 
comes from the current that is spread out, away from the slot 536H[2], 537H[7]. The current 
a distance from the slot gives rise to vertical H field. For highest possible 
radiation efficiency the ground plane should be infinitively large. Reasonable 
implementation that still provides a high efficiency is a ground plane of one 
wavelength around the slot 538H[7].  

l=λ/2 slot  

Infinite 
ground plane 

w<< λ 

 
Fig. 23. A λ/2 slot in an infinite ground plane. 

 

2.3.4. Horn and Reflector Antennas 

The term omnidirectional is widely used in the context of UWB. This is 
mainly due to the large interest of high speed short range indoor 
communications. In indoor communication the devices may have any direction 
relative to each other, i.e., the communication should not be direction-dependant. 
However, there are other applications where it may be preferable to direct the 
radiation/ sensitivity, e.g., point to point links 539H[39], 540H[40]. Horn and reflector 
antennas have in general high directivity owing to their physical nature 541H[7], 542H[39]. 
The horn only receives signal from the direction which the horn points, and the 
reflector antennas only receive signals from the opposite side of the reflector.  

Horn antennas are widely used in radiation measurements due to their low 
level of cross polarization, and linear gain 543H[7]. X544HFig. 24X shows a horn antenna. Figs 
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24a, 24b show the side and front view, respectively. The horn is a tapered 
transmission line that provides a stable gain over a wide frequency band 545H[7]. 

 

Radiator Horn 

 
(a) Side view. (b) Front view. 

Fig. 24. A Horn antenna: (a) side view, and (b) front view. 
 

A reflector antenna consists of a radiating element that is backed up with a 
reflector. For instance, the reflector can be a planar surface, a corner, or a 
parabolic structure. The choice of reflector determines the field of view, i.e., the 
degree of signal concentration 546H[7]. Figs. 25a, 25b, and 25c show a planar, a 
corner, and a parabolic reflector, respectively. 

Radiator 

Reflector 

Radiator 
Reflector 

 
(a) Planar. (b) Corner. (c) Parabolic. 

Fig. 25. Reflector antennas: (a) planar, (b) corner, and (c) parabolic. 

 

2.4. UWB antenna considerations 
The various UWB regulations presented later in chapter 4 show that the 

performance requirements of a UWB antenna is high. For instance, utilizing the 
entire unlicensed band 3.1-10.6 GHz in USA the bandwidth will be 7.5 GHz at 
the CF of 6.85 GHz. That is more than 100% of the fractional bandwidth. The 
most fundamental requirement for the UWB antenna is impedance control over 
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the allocated frequency band, i.e., VSWR within the operational bandwidth. The 
antenna is said to have a certain impedance bandwidth at a specified reflection 
constraint. For an optimal impulse transmission, an ideal UWB antenna should 
produce radiation patterns with constant magnitude and a phase shift that varies 
linearly with frequency. Naturally a high radiation efficiency, high gain relative 
to the directivity and omnidirectional pattern are desired. No antenna technique 
can at once fulfill all the requirements without compromises, especially if a low 
profile antenna structure is chosen. If there are no volume constraint few or none 
performance compromise has to be done. It is generally known that if size is no 
issue then the antenna designer’s degree of freedom is high 547H[2]- 548H[7], 549H[41]. Both 
Multi-band OFDM and DS-UWB proposals split the spectrum into several bands. 
One reason is that a frequency-divided spectrum can be used to allocate slots for 
users. The second reason is that systems with different maximum capacities can 
be created, i.e., using a smaller band to reduce spectral requirements, either to 
reduce the maximum number of users or reduce the capacity for each user. An 
antenna that covers the entire 3.1-10.6 GHz band can be used by any system, but 
is not always the optimal choice. The various choices in spectrum make several 
multi-antenna solutions interesting. A narrower band gives the possibility to 
either optimize other performance parameters or to reduce the physical size. The 
receiver sensitivity is dependant of the antenna gain and the SNR. For really high 
data rate, a high SNR is required by any UWB technology. For indoor 
communications a wide omnidirectional pattern is desired, along with a flat gain 
response, independent of the frequency 550H[42]-551H[46]. The Multi-band OFDM UWB 
has, because of the OFDM technique, a high robustness against variations in 
gain, phase, and group delay that the antenna may cause 552H[4], 553H[5], 554H[44]-555H[46]. 
Systems using OFDM therefore is less sensitive towards phase-dispersive 
antenna technologies, i.e., the phase nonlinearity within each carrier is the 
limitation and not the system frequency bandwidth. Meanwhile, impulse based 
UWB systems are sensitive towards ringing phenomena in the time domain, i.e., 
phase nonlinearities in the frequency domain. Therefore frequency-independent 
antennas with a varying phase center are not suitable for impulse communication 
which simultaneously uses a large frequency-band. However, such antennas may 
still be used in very wide-banded systems if simultaneously only a smaller sub-
part of the whole frequency-band is used during each transmission, i.e., a multi-
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band system, preferably utilizing the OFDM technique. The phase linearity is 
important only within the sub-band and not the entire frequency band 556H[4], 557H[42]. 
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3. Types of Antennas Used in This 
Work 

The variety of antenna technologies is as large as the variety of wireless 
technologies. For UWB applications the fractional bandwidth limits the choices 
of antennas, and four different antenna technologies are discussed here. 

3.1. Patch Antenna 
X558HFig. 26Xa shows the right oriented coordinate system used for the antenna 

illustrations shown in Figs 26b and 26c. Fig. 26b illustrates a half wavelength 
patch antenna and Fig. 26c a quarter wavelength patch antenna. The dimension 
definitions and the feed point are illustrated. The length L  determines the 
resonance frequency with the chosen material. The phase velocity pv  is 
dependant of the material. The width w  affects the impedance at the edge of the 
antenna, which affects the position of the feed point to achieve input matching. 
The half wavelength patch antenna is symmetric along the length axis, with zero 
input impedance at the center and two equal edge impedances. The edge 
impedance can vary up to a couple of hundred ohms. It is dependant of the 
material, substrate height and the patch width. For the quarter wavelength patch 
antenna one of the edges are connected to ground. The quarter wavelength patch 
antenna works similarly to the half wavelength patch antenna, but the resonance 
length is equal to one-quarter wavelength instead of a half wavelength 559H[7], 560H[47]-
561H[52].  

Eq. 3.1 shows the relation between the patch length L , effective permittivity 

effε  and wavelength 0λ . Calculation of effε  is shown in Eq. 3.2. In the equations 

rε  is the relative permittivity, 0λ  is the wavelength at the resonance frequency, h  
is the substrate height, and w  is the patch width. The lΔ  term in Eq. 3.1 is the 
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fringe field length. The fringe field between the patch edge and the ground plane 
slightly reduces the needed length for a specific resonance frequency, determined 
by Eq. 3.3. Eq. 3.4 is an empirical formula to calculate the width for near 
optimum radiation 562H[7], 563H[47]-564H[49]. 
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To achieve the best possible performance the patch antenna must be matched 

by calculating the matched feed point, see Figs. 26 and 27. Eq. 3.5 shows the 
input admittance, indicated by the transmission line model shown in X565HFig. 26Xd. In 
Eqs. 3.5-3.8, effε , rε , 0λ , h , and w  are specified same as in Eqs. 3.1-3.4. 
Furthermore, z  is the distance from the edge to the feed point, inY  is the input 
admittance, 0Y  is the characteristic admittance, 0Z  is the characteristic 
impedance, 0η  is the wave impedance in free space, 0k  is the free space wave 
number, and β  is the wave number with respect to effε . Eq. 3.5 together with 
Eqs. 3.6-3.10 is used to calculate the matched feed point. G  is the radiation 
conductance as shown in X566HFig. 26Xd, and given by Eq. 3.6 for small heights. The 
characteristic admittance and impedance of the patch are given by Eqs. 3.7 and 
3.8. The slot reactance jB  shown in X567HFig. 26Xd is given by Eq. 3.9. The wave 
numbers 0k  and β  are given by Eqs. 3.10 and 3.11 568H[7], 569H[47]-570H[49].  

 



3.1. Patch Antenna 

 37

 

)2sin()(sin)(cos

2)(

0

2
2

0

22
2 z

Y
Bz

Y
BGz

GzYin

βββ −
+

+
=  (3.5) 

0

2
0

120
24

)(1

λ

hk

G
−

=  (3.6) 

0
0

1
Z

Y =  (3.7) 

⎟
⎠
⎞

⎜
⎝
⎛ +++

=
)444.1ln(667.0393.1

0
0

h
w

h
w

Z
effε

η  (3.8) 

0
0 Z

jkjB effε
lΔ≈  (3.9) 

0
0

2
λ
π

=k  (3.10) 

0

22
λ
ε

π
λ
πβ eff==  (3.11) 

Ω==  377
0

0
0 ε

μ
η  (3.12) 



3. Types of Antennas Used in This Work 

 38

Feed point 

Edge 

X

Z

Y

W
idth (w

) 

phi (φ)

theta (θ)

X-axis

Y
-a

xi
s 

Feed point 

W
idth (w

) 

Length (L) 

Length (L) 
Ground 

Edge 

(a) Coordinate system. 

  (b) Half wavelength.       (c) Quarter wavelength. 
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(d) Transmission line model for a half wavelength microstrip patch antenna. 

Fig. 26. Illustration of the patch antenna: (a) coordinate system, (b) half wavelength 
patch antenna, (c) quarter wavelength patch antenna, and (d) transmission line model 
for a half wavelength microstrip patch antenna. 

 
Matching of the patch antenna can be done in several ways. If the antenna is 

fed from the same layer as the patch itself matching can be made by the tap-in 
feeding technique as shown in X571HFig. 27Xa. That means cutting a slit such that the 
transmission line ends at the match point of the antenna. Utilizing a multi-layer 
PCB the feeding can be made either with a probe or an aperture, see Figs 27b and 
27c. Probe feeding is done with a micro-coax cable or a via. Aperture coupled 
feeding is done with a stripline on a layer beneath the aperture slot 572H[7], 573H[47]-574H[51]. 
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(a) Tap-in feeding. 
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(b) Probe feeding with a via. 

    Aperture Patch 

    Feeding stripline Ground plane 
 

(c) Aperture coupled feeding. 

Fig. 27. Patch antenna feeding techniques: (a) tap-in feeding, (b) probe feeding with 
a via, and (c) aperture coupled feeding. 

 
X575HFig. 28X. shows a PCB prototype. The patch antenna has a CF of 6.5 GHz and 

is integrated in a PCB. 
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Fig. 28. A quarter wavelength patch antenna prototype. 
 

3.2. Spiral Antenna 
As shown in X576HFig. 29X, the circumference of the radiation zone determines the 

radiation frequency. The circumference should be > 2 0λ , where 0λ  is the 
wavelength. When the circumference surpasses this size the antenna will radiate 
a tilted beam 577H[53], 578H[54]. The tilted beam consists of one component for each 
wavelength the circumference reaches, i.e., for circumference 2-3 0λ  the beam 
consists of two components and so on. The relation between them determines the 
radiation performance in a certain direction at a specific frequency 579H[50], 580H[51]. If 
the current flowing backwards is smaller than that flowing forward, there is a net 
current flow through the spiral and radiation occurs. The net current-flow and the 
standing wave ratio (SWR) are related to each other, if the substrate loss is low 
581H[7], 582H[53], 583H[54]. 

Eq. 3.13 shows how the radius r  dependants on the winding angle wndφ  and 
the spiral constant sa . In the equations stC  is the inner circumference, endC  is the 
outer circumference, I  is current (real part rI  and imaginary part ijI ), and inZ  is 
the input impedance (real part inR  and imaginary part injX ). The spiral constant 

sa  determines the turn distance sΔ . Eq. 3.14 shows the definition of stC  and Eq. 
3.15 shows the definition of endC . Eqs. 3.16 and 3.17 show the requirements for a 
tilted beam. Eqs 3.18 and 3.19 show that the current flow and the input 
impedance are complex for an spiral antenna 584H[7], 585H[53], 586H[54]. 

Patch antenna

Feed point 

Ground 
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wndsar φ=  (3.13) 

stsst aC φπ2=  (3.14) 

endsend aC φπ2=  (3.15) 

0λ<stC  (3.16) 

02λ>endC  (3.17) 

ir jIII +=  (3.18) 

ininin jXRZ +=  (3.19) 

 

Feeding to the spiral can be done either from the center or from the outside. 
In the prototypes shown in this work the feeding is done by a via to the center of 
the spiral, see X587HFig. 29X. The input impedance depends on the line width together 
with the distance to the ground plane, because the characteristic impedance of the 
spiral arm is dependant of the line width as in the case of a microstrip line. The 
real part of the input impedance can be controlled by the line width, while the 
imaginary part is more difficult to control. If implemented in a narrow band 
system the spiral antenna can be matched using a classical RF matching 
technique for optimal performance in that frequency region. However if a 
wideband operation is required the issue must be solved with other techniques 
588H[7], 589H[53], 590H[54]. 
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Fig. 29. Illustration of a monofilar spiral antenna. 

 
591HFig. 30 shows a photo of a monofilar spiral antenna prototype, where ∆s is 

the turn distance and r is the radius of the antenna as shown in X592HFig. 29X. The 
monofilar spiral antenna prototype has a radius of 50 mm and a turn distance of 
6.0 mm. 

 

 
 

Fig. 30. Photo of a monofilar spiral antenna prototype. 
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3.3. Inverted-F Antenna 
The inverted-F antenna originates from the inverted- L antenna 593H[7]. X594HFig. 31 X 

shows the principle of inverted-F antenna, and the inverted-L antenna is shown 
as a reference. These antennas, which offer low profile and a fractional 
bandwidth enough for many narrow-band services, are widely used 595H[7]. X596HFig. 31 Xa 
shows the inverted-L antenna. The antenna consists of one horizontal, and a 
vertical section, lBAB and lBB B, respectively. The total (inverted-L antenna) radiator 
length (lBinv.-L B) is given by the simple relation Eq. 3.20. The vertical section is 
similar to a short monopole antenna, which is capacitively loaded by the 
horizontal section. Because of the horizontal section loading effect the resonant 
frequency is lowered than that from a corresponding monopole antenna 597H[7]. The 
total antenna length is shorter or much shorter than λ/4, see Eq. 3.20. 

 

4L-inv.
λ<<+= BA lll  (3.20) 

With this type of antenna configuration the vertical section produces an 
omnidirectional pattern, while the contribution from the horizontal section can be 
neglected due to image current cancellation. Image current cancellation occurs 
because the current in the horizontal section and the ground plane has opposite 
directions. The electromagnetic fields produced by the two currents then cancel 
out each other 598H[7].  

In the inverted-F antenna in Fig. 8b a horizontal section lBCB is added, the 
section lBCB is connected to the ground-plane with an additional vertical section lBB B. 
Eq. 3.21 shows the inverted-F antenna length definition lBinv.-FB. Eq. 3.22 shows a 
design rule regarding the feed point. 

 
 4F-inv.

λ≈++= CBA llll  (3.21) 

λ<<Cl  (3.22) 
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(a) inverted-L antenna. (b) inverted-F antenna. 

Fig. 31. Inverted antennas: (a) inverted-L antenna, and (b) inverted-F antenna.  

 
When integrated on a printed circuit board via is used to connect the antenna 

to the ground-plane. Feeding is done using a microstrip-line of 50-Ω 
characteristic-impedance. The length of the antenna is one quarter-wavelength at 
the center-frequency 599H[55], 600H[56]. Since the open-end has high impedance and the 
short-end has zero impedance, a desired feed point impedance (typically 50 Ω) 
can therefore be found somewhere on the line 601H[55]-602H[57].  
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Fig. 32. A typical modified inverted-F antenna integrated on a printed circuit board. 

3.4. Monopole and Dipole Antennas 
Circular disc and other wideband implementations of monopole and dipole 

antennas have been studied using the flex-rigid concept in Paper VIII. The theory 
of the straight wire finite length monopole and dipole antennas is the foundation 
of all wideband monopole and dipole implementations. X603HFig. 33X shows a straight 
wire dipole antenna, consisting of two symmetrical metal conductors. The 
antenna arms have a finite length and are ended with an open-end. The current 
reaches zero at the open end so the current distribution along the antenna arms is 
not constant. However, if the antenna is center-fed the phase distribution along 
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its length will be constant. Furthermore, due to the physical length of the 
antenna, radiation contribution from different segments of the antenna will reach 
an observer with different phase delays. The phase delay variation causes the 
radiated wave-fronts from the antenna-segments to be added constructively or 
destructively, at each observation point 604H[7]. The dipole straight wire dipole 
antenna is linearly polarized with the electrical field vector in the wire axis. The 
radiation resistance of an ideal half-wave dipole antenna is 60-73 Ω, depending 
of the wire length-width ratio 605H[7]. 

Differential 
antenna feed 

l, z-axis 

x

z

y 

phi (φ) 

theta (θ) 

 
Fig. 33. Straight wire dipole antenna. 

The antenna with a length l is excited with a sinusoidal current distribution. 
Eq. 3.23 shows the antenna pattern factor ( )θF . The pattern is dependant of the 
relation between the physical length l and the wave number k. As seen in Eq. 
3.24 the wave number is directly related of the wavelength. Therefore the longer 
the antenna is compared to the wavelength, the more complex radiation pattern 
the antenna gets 606H[7].  
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l equal to one and a half wavelength, l=3λ/2: 

( )
( )

θ

θπ

θ
sin

cos
2

3cos ⎟
⎠
⎞

⎜
⎝
⎛

=F  3.27 

 
The electrical length of a straight wire dipole and monopole depends on the 

properties of the medium within the reactive near field of the radiating antennas. 
When integrated on a printed circuit board the wavelength then depends on the 
dialectical materials permittivity and the surrounding air. Moreover when placed 
on a printed circuit board with a permittivity > 1 the phase velocity is lowered as 
discussed in Section 2.2.1. As shown in Eq. 3.28 the radiating antenna then 
experiences an effective permittivity that depends on the mentioned surrounding 
circumstances. Furthermore, the effective permittivity does not only depend on 
the material properties but also on the length, and width of the wire. Eq. 3.29 
shows that the phase velocity now depends on the effective permittivity, and Eq. 
3.30 shows that the relation between frequency and wavelength now also 
depends on the effective permittivity. 

 

⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜

⎝

⎛

⎟
⎠
⎞

⎜
⎝
⎛ −+

+

−
+

+
=

2

104.0
121

1
2

1
2

1
h
w

w
h

ee
e rr

eff  (3.28) 

effe
cv =  (3.29) 

effe
cf

λ
=  (3.30) 

 
For the corresponding straight wire monopole antenna shown in X607HFig. 34X the 

radiation pattern is halved, i.e., applying the limit –π/2<θ<π/2 to Eqs. 3.23-3.27. 
The monopole radiation-pattern above the ground plane is preserved due to the 
effect of mirroring of the ground plane. Moreover, since the radiation is 
concentrated in one half-sphere the gain is under ideal circumstances increased 
with 3 dB. These statements are only valid with an ideal infinitively large ground 
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plane 608H[7]. The radiation resistance of an ideal quarter-wave monopole antenna is 
30-36.5 Ω, depending on the wire dimension 609H[7]. 

Single ended 
antenna feed l/2 

z 

x-y plane 

 
Fig. 34. Monopole antenna with infinite ground plane. 

 
Naturally an infinitely large ground plane is not possible in a real antenna 

implementation. X610HFig. 35Xa shows a monopole antenna with a λ/4 counterpoise as 
the ground plane. The monopole antenna with several λ/4 open stubs is also 
known as the Marconi antenna after the inventor. The principle is to maintain a 
symmetrical antenna ground. As long as the ground is symmetrical and the 
radiating antenna element is perpendicular to the ground the vertical polarization 
is maintained. Moreover, the antenna end should have a long distance to the 
ground in order to maximize the radiation resistance and efficiency. X611HFig. 35Xb 
shows a generic monopole antenna with a finite ground plane. The polarization 
remains linear as long as the finite ground plane is symmetrical around the 
antenna. If the ground plane is unsymmetrical then the polarization is still linear 
but is tilted towards the largest part of the ground plane 612H[7].  
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antenna feed 

λ/4 

z 

x-y plane 

λ/4 λ/4 
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(a) Monopole antenna with a λ/4 counterpoise. 
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(b) Monopole antenna with a non-ideal ground-plane. 

Fig. 35. Monopole antennas with non-ideal ground planes: (a) with λ/4 
counterpoise, and (b) with general non-ideal ground-plane. 

 
The circular dipole antenna is a wideband implementation of a finite length 

dipole antenna. The antenna is a geometrical antenna. That means that the 
antenna not only relies on the arm length but also on the surface revolution 613H[2], 
614H[59]. X615HFig. 36Xa shows a circular monopole antenna with a finite ground plane. X616HFig. 
36Xb shows a circular dipole antenna. The circular structure provides an 
omnidirectional radiation pattern 617H[2]. 
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(a) Circular monopole antenna. (b) Circular dipole antenna. 

Fig. 36. Circular antennas: (a) monopole antenna, and (b) dipole antenna. 
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4. Ultra-wideband Radio 

The UWB technology promises a high performance in order to meet 
demanding high data rate applications. At the moment short-range and high-
speed data communications are one of the areas that draw the most attention but 
other applications as vehicular radar, imaging systems, and sensor networks are 
also possible applications. The worldwide interest for UWB is seen not only in 
the amount of research work, and scientific publications that have been produced 
in recent years, but also on the regulatory side. A survey of today’s UWB 
regulations around the world is displayed in the end of this chapter. 

4.1. Overview 
Ever since the federal communications commission (FCC) in USA approved 

the frequency band 3.1-10.6 GHz for indoor communications, the interest for 
wideband and wireless communications has virtually exploded. The combination 
of its high data rate capacity and low power consumption provides a solid 
platform for the future market-share growth. Without loosing the advantage of 
wireless operability the power consumption should be kept to the minimum. 
UWB radio communications are an interesting option to reach these new 
combined demands of high capacity and low power consumption. Equivalent 
isotropically-radiated power (EIRP) for indoor UWB communications was 
regulated to –41.3 dBm/MHz by the US government back in 2002, which makes 
for example the receiver sensitivity an important issue. The emission level is 
measured in a 1-MHz bandwidth 618H[4]. Currently the development of physical 
layers, stacks, chips, devices, and applications draws a lot of research attentions 
because of the enormous potential of UWB communication systems. The 
adjustments of regulations of other frequency bands than the 3.1-10.6 GHz band 
is constantly being discussed for various UWB applications. The 3.1-10.6 GHz 
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UWB band has been released for indoor and handheld communications and high 
frequency imaging systems. X619HFig. 37X shows the FCC spectral mask for indoor 
UWB communications. There exist regulations for other frequency-ranges as 
well, but currently the possibility of wireless personal area network (WPAN) 
services within 3.1-10.6 GHz draws the most attention. For WPAN services there 
are currently two dominating technologies, one based on the orthogonal 
frequency division multiplexing (OFDM) technique, and the other based on the 
direct sequence spread spectrum (DSSS) technique 620H[4], 621H[42]-622H[46]. 
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Fig. 37. FCC spectral mask for indoor communications. 

4.2. History 
Pulse radio for communication systems that occupy a large frequency 

bandwidth is not a new invention. Already back at a time when Guliano Marconi 
researched in radio communications, large frequency bandwidths were used. The 
first spark-gap transmitter he built utilized a huge amount of bandwidth because, 
without modern filtering possibilities 623H[4], the transmitted power was spread 
throughout all possible frequencies. The first work in the time-domain with short 
impulses was done in the early 1960s. The first purposed attempt to make use of 
a wide spectrum came in the late 1960s when the first UWB radar system was 
introduced. The motivation to use a UWB technology in radar systems was its 
high sensitivity to scatters and its low power consumption 624H[4], 625H[5].  

The take-off of today’s UWB development came in 1989 when the 
Department of Defense (DoD) in USA specified the term “ultra-wideband” for 
devices occupying a bandwidth of at least 1.5 GHz, or a fractional bandwidth 
exceeding 25% at –20 dB. Later on, FCC adopted similar definitions and started 
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the rule-making of UWB in 1998. The definition was later adjusted to at least 
500 MHz bandwidth or a fractional bandwidth exceeding 20% at –10 dB, i.e., the 
500 MHz rule is applied at the 2.5 GHz CF and above [1]. Such large bandwidths 
are far more than what is conventionally used even in modern communication 
systems. 626HFig. 38 illustrates typical bandwidths used by conventional, spread-
spectrum, and UWB communications, respectively. The first version of the 
resulting report and order (R&O) regarding UWB devices was released in April 
2002. The R&O defined three categories of UWB applications, imaging systems, 
communication and measurement systems, and vehicular radar systems 627H[2], 628H[4], 
629H[5].  
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Fig. 38. Bandwidth utilizations. 

 

USA was first to allow commercial UWB communications, but efforts are 
being made to develop complete regulations in Europe and some countries in 
Asia as well. International as well as regional interests are currently struggling 
towards an industry-wide standardization of UWB radios for indoor 
communications, covering many things from toys to multimedia data 
transmissions.630H[4], 631H[45]. 

4.3. Theory 
Eqs. 4.1-4.3 show Shannon’s channel capacity theorem. It is the channel 

capacity with respect to additive, white Gaussian noise. Were S is the signal 
power, and N is the noise power in watts, respectively. SNR is the signal to noise 
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ratio, i.e., signal power divided by noise power. B is the channel bandwidth in 
Hz, and C is the channel capacity in bit/s. It is seen that C grows linearly with B, 
but only logarithmically with SNR. With this conclusion it is easy to argue that a 
wide channel bandwidth is the main route to a high channel capacity, i.e., to 
reach a high data rate.  

 

N
SSNR =   (4.1) 

⎟
⎠
⎞

⎜
⎝
⎛ +=

N
SBC 1log2   (4.2) 

( )SNRBC += 1log2   (4.3) 

 

4.4. Technology and Applications 
UWB is based on a technology known as spread spectrum. In general spread 

spectrum means that the information transferred is spread over a frequency 
spectrum, i.e., pieces of information is transferred at different frequencies 
according to a designed scheme. In its original concept, spread spectrum 
conveyed data using a series of short radio pulses that were transmitted at 
different frequencies within a specific range of spectrum. This technique was 
already used in World War II by the US military to ensure that its 
communications avoid being monitored by enemies. Since the signals at any 
specific frequency were incomplete, the enemy was not able to intercept the 
entire message. Spread-spectrum was widely used by the military for years in 
secure communications. In 1985, FCC opened up three bands for spread-
spectrum use in commercial communication devices, establishing a 1 watt power 
limit as a way of preventing interference, soon the technology was used in a 
variety of communication devices. For example, cordless telephones and wireless 
local-area-network products using spread-spectrum are now common. UWB adds 
several layers of sophistication to the spread-spectrum concept. The UWB-pulses 
amplitude, polarity, timing and other characteristics forming a data stream can be 
carefully controlled using packets and error-correction methods. A UWB data 
transmission may involve billions of pulses spread over several gigahertz, 
enabling high performance. 
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Many categorizations can be made when it comes to UWB application 
possibilities. One common denominator is the scalability and large variety in 
potential usage. Roughly it can be seen as two areas, one covering wireless 
communications, and the other covering all radar applications. In more detail the 
communication area can be divided into WPAN services and sensor networking. 
WPAN is typical for short range high speed communications and sensor 
networking can use the UWB physical layer together with the MAC layer. 

4.4.1. Wireless Personal Area Network (WPAN) 

UWB WPAN covers high speed data communications within a short range 
10-20 m. These include home networks, ad-hoc connections between hand-held 
devices and other consumer electronics. The vision is to provide demanding 
services as real-time high-quality streaming video and general cable 
replacements, no matter if it is audio, video or files to be exchanged. With the 
maximum EIRP of -41.3 dBm/MHz communications can be done simultaneously 
with other existing WPAN technologies. Outside the 3.1-10.6 GHz band EIRP is 
restricted even further to assure complete coexistence with other existing 
standards and technologies 632H[4], 633H[42], 634H[58], 635H[60]. There are currently two 
dominating technologies, one based on the Multi-band OFDM technique and the 
other based on the DS-UWB technique 636H[4], 637H[45].  

4.4.2. Imaging Systems 

A radar system has the possibility of becoming an imaging system when the 
pulses are much shorter than the target, because information about the target can 
be extracted in two or three dimensions. Intelligent data computation is then 
utilized on the dataset to build an image.  The aim of low resolution radar is to 
detect stand or moving objects while high resolution radar and imaging systems 
can detect movement within or through the objects. Military, search and rescue 
applications are typical usages of imaging systems. Owing to the controversy 
concerning personal integrity this field will not be entirely open for public usage. 
However, so far FCC has issued the following usage areas. Medical imaging, 
similar to X-ray and computed axial tomography (CAT) scans. Other 
applications include through-wall imaging for detecting people or objects in law-
enforcement or rescue applications, and construction applications, for through-
wall imaging and ground-penetration. Reflected UWB pulses consist not only of 
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time shift and amplitude variation but also of changes in the signal shape. The 
level of details depends on the pulse-length, which allows a large scalability for 
various applications from indoor object imaging, through wall imaging, and 
underground vision to medical diagnostics. Finding objects as power lines and 
water pipes within walls, floors, and roofs is one of civil applications. Otherwise 
the military, police, and other authorities are large potential users. The recent 
rising of terror threat increases the need of surveillance, along with other usage 
of surveillance systems 638H[4], 639H[44]. 

4.4.3. Sensor Networks 

Sensor networks are built up by a number of nodes spread over a certain area. 
The purpose is to gather data from the area, either directly by a point-to-point 
network or by several multi-hop nodes with the ad-hoc technique. Traditionally a 
sensor network gathers data in a small data quantity but UWB has the possibility 
to gather a large amount of data. A physical layer with low-power consumption, 
suitable for sensor networks, and run by a battery, is being developed 640H[61]. For 
ultra low-power and low data-rate Zigbee and other low data-rate standards are 
probably the best choice 641H[62], but a UWB sensor network can transmit a large 
amount data at a data rate up to 480 Mbps 642H[4], 643H[44].  

So far UWB has become known as one of possible next generation solutions 
for high-speed and short-range wireless communications. The IEEE 802.15.4x 
Task Group works on low rate alternative of physical layers for wireless personal 
area networks (LR-WPAN). The IEEE 802.15.4a Task Group is mostly known 
for standardization of the ultra low-power technologies like Zigbee 644H[62]. The 
group has also contributed to make use of UWB in ultra low-power systems, by 
utilizing lower data-rate than conventional WPAN UWB-systems. UWB impulse 
radio operating in the unlicensed UWB spectrum and a chirp spread spectrum 
operating in the unlicensed 2.4 GHz spectrum 645H[44], 646H[62]. 

4.4.4. Vehicular Radar Systems 

The short UWB pulses have the possibility to enhance the resolution of 
conventional proximity and motion sensors 647H[44], 648H[63]-649H[65]. Electronics has made 
its way into vehicles for some time and collision avoidance is so far the 
dominating radar implementation. Besides collision avoidance it can also be used 
for cruise control, improving airbag deployment and adapting vehicle settings 
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depending on the shape of the road 650H[44]. Moreover the usage of UWB for radar 
purposes does not imply limitations to use it for transferring data to and from the 
vehicle, e.g., to download information when arriving at a supermarket, gas 
station or any other place equipped with UWB transmitters 651H[44]. Recently the 
UWB radars operating within the 22-29 GHz frequency band have received a lot 
of research attention 652H[64], 653H[65]. 

4.5. High Speed Short Range Communication using 
UWB 

4.5.1. Multi-Band Orthogonal Frequency Division Multiplexing 

Specifications given are valid for the multi-band OFDM physical layer 
currently supported by Wimedia alliance 654H[45]. The multi-band OFDM UWB 
system provides a WPAN with data payload communication capabilities of 53.3, 
80, 110, 160, 200, 320, 400, and 480 Mbps, where the support for transmitting 
and receiving at data rates of 53.3, 110, and 200 Mbps are mandatory 655H[4], 656H[45], 
657H[58].  

An OFDM channel transfers with a total of 122 subcarriers for modulated 
and pilot signals. Convolutional coding is used for forward error correction with 
a coding rate of 1/3, 11/32, 1/2, 5/8, and 3/4, respectively. Coded data is 
interleaved between three bands with time-frequency coding (TFC). Three bands 
together form one band group. There is room for four full band groups within the 
3.1-10.6 GHz band. The band group 3.1-4.8 GHz is the originally specified band-
group. This band group is referred to as the mode 1 band-group. Four three-band 
groups and one two-band group are specified, providing a total of 14 frequency-
bands. The defined TFC division provides up to eighteen logical channels or 
independent piconets. X658HFig. 39X shows the mode 1 band group in which three sub-
bands are centered at 3.432, 3.960, and 4.488 GHz, respectively 659H[4]. The channel 
distance is 528 MHz between each CFs. The rest of the unlicensed UWB 
spectrum should be divided in the same way 660H[4], 661H[45], 662H[58]. 
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Fig. 39. Mode 1 base-band group. 
  
X663HFig. 40X shows the detailed transmitter power spectral density (PSD) mask 

within one band 664H[45]. The values shown are normalized relative to the maximum 
output power, i.e., 0 dB corresponds to –41.3 dBm/MHz. The frequency is 
normalized to the CF. This mask is applied for all frequency bands. It is 
mandatory to stay within the mask for all pulses 665H[4], 666H[45], 667H[58]. 
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Fig. 40. Transmit power spectral density mask. 
 

4.5.2. Direct Sequence Spread Spectrum 

Specifications given are valid for the UWB systems that use the DSSS 
technology. The proposed DS-UWB solution provides a WPAN with data 
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payload communication capabilities of 28, 55, 110, 220, 500, 660, 1000 and 
1320 Mbps 668H[4], 669H[45], 670H[60].  

X671HFig. 41X shows the DS-UWB reference mask 672H[45]. The proposed UWB system 
employs direct sequence spreading of binary phase shift keying (BPSK) and 
quaternary bi-orthogonal keying (4BOK) UWB pulses. Convolutional coding is 
used as forward error correction with a coding rate of 1/2 or 3/4. The proposed 
UWB system also supports operation in two different bands. The lower 
frequency band occupies the spectrum from 3.1 to 4.8 GHz. The second higher 
frequency band occupies the spectrum from 6.2 to 9.7 GHz. The suggested DS-
UWB supports use of both BPSK and 4-BOK modulations, while a complete 
support for BPSK is mandatory, and a 4-BOK support is intended as an optional 
performance improvement. However, the transmit capability of 4-BOK is still 
mandatory. The reason is that implementing 4-BOK on the transmitter-side does 
not noticeably increase the transmitter complexity. Within each band there is 
support for up to six piconet channels to have unique operating frequencies and 
acquisition codes. Support for piconet-channels 1-4 which are in the low band is 
mandatory. Support for piconet-channels 5-12 are optional. Channels 5 and 6 are 
optional in the low band, and channels 7-12 are optional channels in the high 
band. Various data rates are supported with variable spreading sequence code 
lengths. The sequence length varies from 1 to 24 pulses 673H[45], 674H[60]. 
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Fig. 41. DS-UWB reference masks. 
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4.6. Regulation 
In order to have an as wide market as possible, business interests consistently 

try to push the regulatory instances to allow UWB. Everything started with FCC 
in the U. S. and worldwide adoptions are being made, often with some local 
limitations or extra requirements. However, the regulation work is going on 
around the world. For instance, in Europe ETSI is the organization setting up the 
legal framework for radio communications. Europe regulation efforts are a bit 
more complicated since there are many different wills from the member states in 
the European Union. All countries are separate states that have to adopt the 
proposed regulations within their territory. In Asia the UWB regulation, and 
development are progressing fast in several countries. For instance, the 
technology progressive Japan has launched frequency bands to be used for UWB 
services at the frequency bands 3.4-4.8 GHz and 7.25-10.25 GHz 675H[66]-676H[79]. 

4.6.1. UWB in the US 

When it comes to UWB in USA the most important event was when FCC 
unleashed the 3.1-10.6 GHz frequency-band in 2002. The frequency band was 
unleashed for the purpose of unlicensed reuse of licensed spectrum, i.e., 
legalizing unlicensed use of the 3.1-10.6 GHz frequency band at a maximum 
average transmit power of -41.3 dBm/MHz. A few years later, more detailed 
specifications regarding transmit power for various application-areas have been 
made. The most important areas and their frequency restrictions, and 
specifications are listed in the following sub-sections. The specifications given in 
the sub-sections below are not the complete FCC specifications for UWB 
transmitters. What are described are the FCC regulations for frequency spectrum 
usage, i.e., emission levels for the respective services 677H[66]-678H[68]. 

 
• Indoor communication: Indoor communication is for high speed short 

range data transfers made with UWB transmitters. X679HFig. 42X shows the mean value 
emission mask for indoor communication. The resolution bandwidth is 1 MHz. 
Moreover, within the frequency ranges 1.164-1.240 GHz and 1.559-1.610 GHz 
the emission must also comply with a resolution bandwidth of 1 kHz. The 
maximum peak level of the emissions is limited to 0 dBm EIRP and average 
EIRP -41.3 dBm/MHz. The FCC definition for peak-level of the emission is the 
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emission contained within a 50 MHz bandwidth centered on the frequency at 
which the highest radiated emission occurs 680H[66]-681H[68]. 
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Fig. 42. FCC emission mask, indoor communication. 

 
• Outdoor, handheld communications: High speed short range data 

communications for outdoors, typically handheld devices. X682HFig. 43X shows the 
mean value emission mask for outdoor communication. The resolution 
bandwidth is 1 MHz. Moreover, within the frequency ranges 1.164-1.240 GHz 
and 1.559-1.610 GHz the emission must also comply with a resolution bandwidth 
of 1 kHz. Similar restriction as indoor communication. However, the out-of-band 
rejection requirement between 1.61-3.10 GHz and above 10.60 GHz is 10 dB 
higher for out-door communication. The maximum peak level of the emissions is 
limited to 0 dBm EIRP and average EIRP -41.3 dBm/MHz 683H[66]-684H[68]. 
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Fig. 43. FCC emission mask, outdoor, handheld communication. 

 
• Vehicular radar: Used for collision avoidance and road safety 

applications. X685HFig. 44X shows the mean value emission mask for vehicular radar. 
The resolution bandwidth is 1 MHz. Moreover, within the frequency ranges 
1.164-1.240 GHz and 1.559-1.610 GHz the emission must also comply with a 
resolution bandwidth of 1 kHz. The maximum peak level of the emissions is 
limited to 0 dBm EIRP and average EIRP -41.3 dBm/MHz 686H[66]-687H[68]. 

0 5 10 15 20 25 30 35
-90
-85
-80
-75
-70
-65
-60
-55
-50
-45
-40

 Part 15 limit
 Vehicular radar

 T
ra

ns
m

itt
ed

 p
ow

er
 (

dB
m

/M
H

z)

Frequency (GHz)

1.164-1.240 and 1.559-1.610 GHz 
resolution bandwidth: 1 kHz

 
Fig. 44. FCC emission mask, vehicular radar. 

 
• Ground penetrating radar and wall imaging systems: X688HFig. 45X shows 

the mean value emission mask for ground penetrating radar and wall imaging 
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systems. The resolution bandwidth is 1 MHz. Moreover, within the frequency 
ranges 1.164-1.240 GHz and 1.559-1.610 GHz the emission must also comply 
with a resolution bandwidth of 1 kHz. The maximum peak level of the emissions 
is limited to 0 dBm EIRP and average EIRP -41.3 dBm/MHz 689H[66]-690H[68]. 
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Fig. 45. FCC emission mask, ground penetrating radar, and wall imaging systems. 

 
• Through wall imaging systems: X691HFig. 46X shows the mean value emission 

mask for through wall imaging systems. Operation under the provisions of this 
section is limited to through-wall imaging systems operated by law enforcement, 
emergency rescue or firefighting organizations that are under the authority of a 
local or state government. Moreover, within the frequency ranges 1.164-1.240 
GHz and 1.559-1.610 GHz the emission must also comply with a resolution 
bandwidth of 1 kHz. The maximum peak level of the emissions is limited to 0 
dBm EIRP and average EIRP -51.3 dBm/MHz 692H[66]-693H[68]. 
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Fig. 46. FCC emission mask, through wall imaging systems. 

 
• Medical imaging systems: X694HFig. 47X shows the mean value emission mask 

for medical imaging systems. Medical imaging, similar to X-ray and CAT scans. 
The resolution bandwidth is 1 MHz. Moreover, within the frequency ranges 
1.164-1.240 GHz and 1.559-1.610 GHz the emission must also comply with a 
resolution bandwidth of 1 kHz. The maximum peak level of the emissions is 
limited to 0 dBm EIRP and average EIRP -41.3 dBm/MHz 695H[66]-696H[68]. 
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Fig. 47. FCC emission mask, medical imaging. 

 
• Surveillance systems: X697HFig. 48X shows the mean value emission mask for 

surveillance systems. Systems for surveillance and guard purposes. This is for 
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fixed surveillance systems operated by law enforcement, fire or emergency 
rescue organizations or by manufacturers licenses. Moreover, within the 
frequency ranges 1.164-1.240 GHz and 1.559-1.610 GHz the emission must also 
comply with a resolution bandwidth of 1 kHz. The maximum peak level of the 
emissions is limited to 0 dBm EIRP and average -41.3 dBm/MHz 698H[68]. 
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Fig. 48. FCC emission mask, surveillance systems. 

 
• Law enforcement: X699HFig. 49X shows the mean value emission mask for law 

enforcement applications. The UWB equipment using this specification requires 
a special operator’s license. The intended users are: “Operation of this device is 
restricted to law enforcement, emergency rescue and firefighter personnel. 
Operation by any other party is a violation of 47 U.S.C. 301 and could subject 
the operator to serious legal penalties.” 700H[68] Moreover, within the frequency 
ranges 1.164-1.240 GHz and 1.559-1.610 GHz the emission must also comply 
with a resolution bandwidth of 1 kHz 701H[68]. Maximum average EIRP is -41.3 
dBm/MHz 702H[68]. 
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Fig. 49. FCC emission mask, law enforcement. 
 

4.6.2. European UWB 

In Europe there are a number of key players officially acknowledged by the 
European Commission (EC). The European Radiocommunications Office (ERO) 
was formally opened 1991 and is located in Copenhagen, Denmark. ERO is the 
permanent office supporting the Electronic Communications Committee (ECC) 
of the European Conference of Postal and Telecommunications Administrations 
(CEPT). CEPT is a cooperation organisation between the European post and 
telecom regulatory bodies. It was founded in 1959 as a cooperation forum 
between European postal and telecom administrations, but has, since 1992, been 
working exclusively with regulatory issues. ECC is the Committee that brings 
together the radio- and telecommunications regulatory authorities of the 48 
CEPT member countries, i.e., with a total of 48 members the CEPT reaches 
outside the EU. The ECC publishes regulatory decisions, recommendations 
within the area. Another key player to the ECC within EU is the European 
Telecommunications Standards Institute (ETSI) that is officially responsible for 
standardization of Information and Communication Technologies (ICT) within 
Europe. ETSI has published to specification recommendation documents 
regarding UWB. However, EC gave mandate to CEPT, and ECC to harmonise 
UWB regulations in Europe. EC also publishes regulation documents, mostly to 
reach out to the EU member states in a more regulatory manor in order to force 
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them in the same direction. Currently ETSI, ECC, and EC have all recommended 
and approved the use of UWB devices in the range 6.0-8.5 GHz, subject to the 
technical limits enforced by the FCC in the US without requiring the use of 
interference mitigation techniques. Furthermore, UWB devices placed on the 
market before 31st December 2010 are permitted by EC to operate in EU in the 
frequency band 4.2 - 4.8 GHz with the maximum mean EIRP spectral density of 
–41.3 dBm/MHz and the maximum peak EIRP of 0 dBm measured in 50 MHz. 
EC also stipulates the use of the maximum mean EIRP density of –41.3 
dBm/MHz in the 3.4 - 4.8 GHz band provided that a low duty cycle restriction is 
applied in which the sum of all transmitted signals is less than 5 % of the time 
each second and less than 0.5 % of the time each hour, and provided that each 
transmitted signal does not exceed 5 milliseconds 703H[69]-704H[74]. 

X705HFig. 50X shows the European UWB mean radiation emission mask. Fig. 48a 
shows the complete frequency band, and Fig. 48b shows in more detail frequency 
band regulations. The European UWB specifications are not yet as well specified 
as the FCC UWB specifications when it comes to applications. However, UWB 
transmitters are so far prohibited to be used aboard an aircraft or a ship, and at a 
fixed outdoor location. Furthermore, the UWB devices should comply with all 
regulations at temperatures between 15-35 ºC, and humidity between 20-75 %. 
Some technical restrictions regarding the measurement procedures are also 
stipulated. For instance, the resolution bandwidth should be 1 MHz and the video 
bandwidth should not be less than the resolution bandwidth. The detector mode 
should be root mean square (rms). Average time per point on spectrum analyzer 
scan should be 1 ms or less 706H[69]-707H[74]. 
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(a) European mean value emission mask, complete frequency band. 
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(b) European mean value emission mask, main frequency band only. 

Fig. 50. European mean value radiation emission spectrum masks: (a) complete 
frequency band, and (b) main frequency-band only. 

 
Besides the mean value restrictions there are emission limits regarding the 

maximum peak level versus frequency. X708HFig. 51X shows the peak value of the 
maximum emission mask. Besides the mean value specifications there are 
technical conditions for the peak value specifications. The resolution bandwidth 
should be at least 1 MHz and not greater than 50 MHz. The video bandwidth 
should not be lower than the resolution bandwidth. The signal detection should 
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be made with peak detection using the maximum-hold, and the measurement 
sequence should continue until that the maximum-hold trace is stable, i.e., until 
the maximum value has been captured at all measured frequency points 709H[69]-
710H[74].  
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(a) European peak emission mask, complete frequency spectrum. 
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(b) European peak emission mask, main frequency spectrums only. 

Fig. 51. European peak value radiation emission spectrum masks: (a) complete 
frequency spectrum, and (b) main frequency-spectrum only. 

 

UWB devices placed on the market before 31st December 2010 are permitted 
to operate in the frequency band 4.2 - 4.8 GHz with the maximum mean EIRP 
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spectral density of –41.3 dBm/MHz and the maximum peak EIRP of 0 dBm 
measured in 50 MHz 711H[69]-712H[74]. 

4.6.3. UWB in Japan 

The national institute of information and communications technology (NICT) 
in Japan permits UWB radio transmission equipment of radio stations using ultra 
wideband radio systems at two frequency bands. The allocated frequency bands 
are from 3.4 to 4.8 GHz and from 7.25 to 10.25 GHz. For the lower frequency 
band 3.4-4.8 GHz detect and avoid mitigation techniques to avoid interference 
with existing narrow band services are required. For devices without any 
interference mitigation techniques, the average power shall instead be -70 
dBm/MHz and the peak power shall be -64 dBm/MHz. However, UWB devices 
are allowed to be used without any interference mitigation techniques in the 4.2-
4.8 GHz band until the end of year 2008 [reg14]. Japan was first to suggest 
mitigation techniques as a solution to get acceptance for UWB transmissions 
713H[79]. 

X714HFig. 52X shows the mean value Japan UWB mean radiation emission mask. 
The average transmission power is limited to -41.3 dBm/MHz or lower on both 
bands. The peak value is set to 0dBm/50MHz or lower. For the devices without 
any interference avoidance technology that uses the 3.4-4.8 GHz band the 
average transmission power is limited even further to -70 dBm/MHz or lower. 
Furthermore, in this case the peak value is restricted to -30 dBm/50MHz or 
lower. Communication and modulation methods are not specified. Transmission 
speed of 50 Mbps or higher is required for the radio equipment, although lower 
speeds are permitted in order to avoid interference of noise 715H[79].  
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Fig. 52. Mean value radiation emission spectrum mask in Japan. 
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5. Summary of Papers 
 

Paper I  
Wideband Patch Antenna Array for Multi-band UWB 

This paper describes a method to use patch antennas in a switched array 
configuration suitable for multi-band UWB. The paper proposes the 
concept of electrical parallelism to achieve requirements for a certain multi-
band pulse. Furthermore, arrays are scaled throughout the unlicensed 
frequency band 3.1-10.6 GHz released by FCC with a number of patches 
used for each pulse. Different sub-arrays are then selected using switches. 

 
The author’s contributions: The idea of using patch antennas in parallel 

to achieve a bandwidth wide enough for one multi-band UWB pulse. 
Designing of sub-arrays consisting of one to four patches to minimize the 
total number of patches used for each pulse. Then the sub-arrays are 
combined with a switch-network to cover the entire 3.1-10.6 GHz 
frequency band. Wrote the manuscript. 
 
Paper II   
An integrated Spiral Antenna System for UWB 

This paper reports simulated results of low profile monofilar spiral 
antennas for UWB, integrated in a PCB. It is found that monofilar spiral 
antennas can be utilized for UWB. Physical parameters are studied and their 
impact on antenna gain, CF, and relative bandwidth are presented. It is also 
shown that monofilar spiral antennas in parallel can be used to extend the 
antenna performance. Antenna gain is improved by introducing an 
additional air core between the antenna and the ground plane.  
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The author’s contributions: Simulation study of how physical 
parameters impact on the antenna performance. It shows also which 
physical size is needed for a certain voltage standing wave ration (VSWR). 
The idea that antenna gain can be improved with an additional air core is 
shown. It is shown that both a single antenna and a dual antenna array cover 
the entire frequency band 3.1-10.6 GHz. Wrote the manuscript.  
 
Paper III   
Monofilar Spiral Antennas for UWB with and without Air 
Core 

This paper reports an implementation of low profile monofilar spiral 
antennas for UWB, integrated in a PCB. It is verified that monofilar spiral 
antennas can be utilized for UWB. Physical parameters are studied and their 
impact on antenna gain, CF, and relative bandwidth was presented. It is 
proved by measurements that the antenna gain can be improved by 
introducing an additional air core between the antenna and the ground 
plane.  

 
The author’s contributions: Experimental study of how physical 

parameters impact on the antenna performance, in order to reveal which 
physical size is needed for a certain VSWR performance. The antenna gain 
with various physical antenna specifications is measured in a low reflection 
measurement chamber. The idea that antenna gain can be improved with an 
additional air core is also proved. It is shown that a single spiral antenna 
covers the entire frequency band 3.1-10.6 GHz. Wrote the manuscript. 
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Paper IV 
Air Core Patch Antennas Suitable for Multi-band UWB 

This paper presents a substrate solution that increases the gain of patch 
antennas. It is studied how an additional air core affects antenna gain and 
relative bandwidth. The study includes a number of different substrate 
heights and patch widths at two different frequencies.  

 
The author’s contributions: The idea that the patch antenna gain can be 

improved with an additional air core for UWB. The idea is further studied 
at two different frequencies with various antenna configurations. Patch 
antennas with and without an additional air core are studied and compared. 
Different heights of the additional air core are used as well. Wrote the 
manuscript. 
 
Paper V  
Frequency-multiplexed Inverted-F Antennas for Multi-
band UWB 

This paper describes a method to use inverted-F antennas in a 
multiplexed array configuration suitable for multi-band UWB. The paper 
proposes the concept of multiplexed parallelism to achieve requirements for 
a certain multi-band system. In this paper a radio front-end system 
consisting of three antennas and a frequency multiplexing network is built. 
Both the antennas and the frequency multiplexing network designed to be 
integrated in a printed circuit board. 

 
The author’s contributions: Design of the system and its sub-

components. Calculation and simulation of suitable filters, and design of the 
inverted-F antennas. All simulations and measurements presented in the 
final paper. System simulation on theoretical level, simulation and design of 
coupled line filters with EM-simulations. All simulations, design of antenna 
prototypes, and all measurements. Wrote the manuscript.  
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Paper VI   
All-Microstrip Design of Three Multiplexed Antennas and 
LNA for UWB Systems 

A fully printed circuit board integrated triplexed antenna LNA system 
design suitable for multi-band OFDM UWB operating between 3.1-4.8 
GHz. The triplexer utilizes a microstrip network and three edge-coupled 
filters.  

 
The author’s contributions: Design of the multiplexer and the antennas. 

Calculation and simulation of the frequency multiplexing network. All 
antenna simulations and measurements. All design and simulation of 
coupled-line filters, both schematic and EM simulations. Partially 
performed system set-up and simulations. Partially wrote the manuscript.  
 
Paper VII   
Frequency Triplexer for Ultra-wideband Systems Utilizing 
Combined Broadside- and Edge-coupled Filters 

A fully integrated triplexer in a printed circuit board suitable for multi-
band OFDM UWB operating between 3.1-4.8 GHz. The triplexer utilizes a 
microstrip network and three combined broadside- and edge-coupled filters. 
Separate filters were designed, simulated, manufactured, and measured for 
scientific comparisons. 

 
The author’s contributions: Design of the system and its sub-

components. Calculation, and simulation of suitable filters and frequency 
multiplexing network. All simulations, except a few optimizations. All 
simulations and measurements presented in the final paper. System 
simulation on theoretical level, simulation and design of separate coupled 
lines, and combined broadside- and edge-coupled filters with EM-
simulations. Wrote the manuscript. 
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Paper VIII   
A Frequency-Triplexed Inverted-F Antenna System for 
Ultra-wide Multi-band Systems 3.1-4.8 GHz 

This paper describes a method to use inverted-F antennas in a 
multiplexed array configuration suitable for multi-band UWB. The paper 
proposes the concept of multiplexed parallelism to achieve requirements for 
a certain multi-band system. In this paper a radio front-end system 
consisting of three antennas and a frequency multiplexing network is built. 
Both the antennas and the frequency multiplexing network designed to be 
integrated in a printed circuit board.  

 
The author’s contributions: Design of the system and its sub-

components. Calculation and simulation of suitable filters, design of the 
inverted-F antennas. All simulations and measurements presented in the 
final paper. System simulation on theoretical level, simulation and design of 
coupled line filters with EM-simulations. All simulations, design of antenna 
prototypes, and all measurements. Wrote the manuscript. 
 
Paper IX 
Microstrip Bias Networks for Ultra-Wideband Systems  

In this paper three different distributed RF-choke geometries are 
studied. Their performance and robustness against reflections from the DC-
supply are studied. Their sensitivity for reflections when the DC-port is 
terminated with, low, high, and matched impedances is discussed. Both 
simulated and measured results are presented and discussed.  

 
The author’s contributions: Partially performed the simulations. 

Responsible for the manufacture of printed circuit board prototypes. 
Moreover, responsible for measurements and data extraction. Partially 
wrote the manuscript. 
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Paper X   
A Frequency-triplexed RF Front-end for Ultra-wideband 
Systems 3.1-4.8 GHz 

This paper describes a triplexed RF front-end system integrated in a 
printed circuit board suitable for multi-band OFDM UWB operating 
between 3.1-4.8 GHz. The front-end utilizes a microstrip network and three 
combined broadside- and edge-coupled filters.  

 
The author’s contributions: Design of the multiplexer, calculation and 

simulation of the frequency multiplexing network. All design and 
simulation of separate broadside- and edge-coupled filters with EM-
simulations. Layout of the multi-layer PCB. Partially performed system set-
up and simulations. Performed most of the measurements. Partially wrote 
the manuscript.  
 
Paper XI 
Mono- and Di-pole Antennas for UWB Utilizing Flex-rigid 
Technology 

This paper demonstrates implementation of mono- and di-pole antennas 
on flex-rigid substrate. The flex-rigid concept is an interesting approach to 
build usable high performance wide band antennas suitable for UWB. 

 
The author’s contributions: Design and simulation of the antennas. All 

simulations, design of antenna prototypes. Wrote the manuscript. 
 



References 

 79

References 

[1] P. Lorrain, D. R. Corson, “Electromagnetism Principles and 
Applications – 2nd edition,” W. H. Freeman and Co., ISBN: 0-
7167-2096-5, New York, 1997. 

[2] H. Schantz, "The Art and Science of Ultrawideband Antennas," 
Artech House Inc., ISBN: 1-58053-888-6, 2005. 

[3] D. Ghosh, A. De, M. C. Taylor, T. K. Sarkar, M. C. Wicks, E. L. 
Mokole, "Transmission and Reception by Ultra-Wideband (UWB) 
Antennas," Antennas and Propagation Magazine, IEEE, vol. 48, 
no. 5, pp. 67-99, Oct. 2006. 

[4] L. Yang and G. B. Giannakis, “Ultra-Wideband Communications, 
an Idea Whose Time has Come”, IEEE signal processing 
magazine, pp. 26-54, November 2004. 

[5] H. G. Schantz, “A Brief History of UWB Antennas,” IEEE 
Aerospace and Electronic Systems Magazine, vol. 1, pp. 22-26, 
Apr. 2004. 

[6] Z. N. Chen and M. Y. W. Chia, “Broadband Planar Antennas, 
Design and Applications,” ISBN: 0-470-87174-1, John Wiley & 
Sons, Inc., 2006. 

[7] V. F. Fusco, Foundations of Antenna Theory and Techniques, 
Edinburgh Gate, Harlow, Essex, England, Pearson Education 
Limited, 2005. 

[8] B. Kim, S. Nikolaou, G. E. Ponchak, Y.-S. Kim, J. 
Papapolymerou, M. M. Tentzeris, "A curvature CPW-fed ultra-
wideband monopole antenna on liquid crystal polymer substrate 
using flexible characteristic," IEEE Antennas and Propagation 
Society Int. Symp. 2006, pp. 1667-1670, 9-14 July 2006. 



References 

 80

[9] Y.–C. Guo, X.–W. Shi, "UWB Antenna with Improved Efficiency 
for Pulse Radiation," TENCON 2006. 2006 IEEE Region 10 
Conference, pp. 1-4, Nov. 2006. 

[10] A. A. Lestari, A. B. Suksmono, E. Bharata, A. G. Yarovoy, L. P. 
Ligthart, "Small UWB antenna with improved efficiency for pulse 
radiation," Antenna Technology: Small Antennas and Novel 
Metamaterials, 2005. IWAT 2005. IEEE International Workshop 
on, pp. 295-298, 7-9 Mar. 2005. 

[11] A. A. Lestari, A. G. Yarovoy, L. P. Ligthart, E. T. Rahardjo, "A 
UWB Antenna for Impulse Radio," Vehicular Technology 
Conference, 2006. VTC 2006-Spring. IEEE 63rd, vol.6, pp. 2630-
2634, 2006. 

[12] L. Schreider, X. Begaud, M. Soiron, B. Perpere, "Archimedean 
microstrip spiral antenna loaded by chip resistors inside substrate," 
Antennas and Propagation Society International Symposium, 
2004. IEEE, vol. 1, pp. 1066-1069, 20-25 Jun. 2004. 

[13] P. V. Kholod, T. N. Ogurtsova, G. P. Pochanin, "Comparison 
Characteristics of Small-Size UWB Receiving Antennas," 
Ultrawideband and Ultrashort Impulse Signals, The Third 
International Conference , pp. 182-184, Sep. 2006. 

[14] P. L. Tokarsky, "Coupling Effects in Resistive UWB Antenna 
Arrays," Ultrawideband and Ultrashort Impulse Signals, The 
Third International Conference, pp. 188-190, Sep. 2006. 

[15] F. Sagnard, D.-L. Ton, J. Badet, "Analysis of the Transient 
Waveforms Radiated by a Combination of Thin-Wire Antennas 
Part II: Simulation Results," Antennas and Wireless Propagation 
Letters , vol.5, no.1, pp.213-216, Dec. 2006. 

[16] A. S. Turk, D. A. Sahinkaya, M. Sezgin; H. Nazli, "Investigation 
of Convenient Antenna Designs for Ultra-Wide Band GPR 
Systems," Advanced Ground Penetrating Radar, 2007 4th 
International Workshop on, pp. 192-196, 27-29 Jun. 2007. 



References 

 81

[17] M. Karlsson and S. Gong, “Wideband patch antenna array for 
multi-band UWB,” Proc. IEEE 11th Symp. on Communications 
and Vehicular Tech., Ghent, Belgium, Nov. 2004. 

[18] M. Karlsson, and S. Gong, "A Frequency-Triplexed Inverted-F 
Antenna System for Ultra-wide Multi-band Systems 3.1-4.8 GHz," 
Accepted for publication in ISAST Transactions on Electronics 
and Signal Processing, 2007. 

[19] J. Ibrahim, R. M. Buehrer, "NBI Mitigation for UWB Systems 
Using Multiple Antenna Selection Diversity," Vehicular 
Technology, IEEE Transactions on, vol. 56, no. 4, pp. 2363-2374, 
July 2007. 

[20] C. Kihun, K. Hyungrak, Y. Young Joong, "Multi-resonance UWB 
antenna with improved band notch characteristics," Antennas and 
Propagation Society International Symposium, 2005 IEEE , vol. 
3A, pp. 516-519, 3-8 July 2005. 

[21] H. G. Schantz, G. Wolenec, E. M. Myszka, "Frequency notched 
UWB antennas," Proc. Ultra Wideband Systems and 
Technologies, 2003 IEEE, pp. 214-218, 16-19 Nov. 2003. 

[22] I.-J. Yoon, K. Hyungrak, C. Kihun, Y. Young Joong, K. Young-
Hwan, "Ultra wideband tapered slot antenna with band-stop 
characteristic," Antennas and Propagation Society International 
Symposium, 2004. IEEE , vol.2, pp. 1780-1783 20-25 June 2004. 

[23] C.-D. Zhao, "Analysis on the properties of a coupled planar dipole 
UWB antenna," Antennas and Wireless Propagation Letters, 
vol.3, pp. 317-320, 2004. 

[24] W. S. Lee, D. Z. Kim, K. J. Kim; K. S. Son, W. G. Lim, J. W. Yu, 
"Multiple frequency notched planar monopole antenna for multi-
band wireless systems," Proc. IEEE 35th European Microwave 
Conf., Paris, France, Oct. 2005, pp 535-537. 

[25] V. Brankovic, A Jordan, D. Simic, J. Weber, J. Bal, "High Gain 
Printed Ultra Wideband Antenna Concept," Mobile and Wireless 
Communications Summit, 2007, 16th IST, pp. 1-5, 1-5 July 2007. 



References 

 82

 [26] Y. Taeyoung, W. A. Davis, "Planar half-disk antenna structures 
for ultra-wideband communications," Antennas and Propagation 
Society International Symposium, 2004. IEEE, vol. 3, pp. 2508-
2511, 20-25 Jun. 2004. 

[27] Z. N. Chen, M. J. Ammann, X. Qing; X. H. Wu, T. S. P. See, A. 
Cai, "Planar antennas," Microwave Magazine, IEEE, vol. 7, no. 6, 
pp. 63-73, Dec. 2006. 

[28] A. Kuramoto, "Flat type UWB antenna by printed circuit board 
and performance," Antennas and Propagation Society 
International Symposium, 2005 IEEE , vol. 1A, no., pp. 561-564, 
3-8 Jul. 2005. 

[29] D-H Kwon; Y. Kim; N. P. Chubinsky, "A printed dipole UWB 
antenna with GPS frequency notch function," Antennas and 
Propagation Society International Symposium, 2005 IEEE, vol. 
3A, pp. 520-523, 3-8 Jul. 2005. 

[30] D.-H. Kwon, Y. Kim, "Suppression of Cable Leakage Current for 
Edge-Fed Printed Dipole UWB Antennas Using Leakage-
Blocking Slots," Antennas and Wireless Propagation Letters, vol. 
5, no. 1, pp. 183-186, Dec. 2006. 

[31] F. Tchoffo Talom; B. Uguen; L. Rudant; J. Keignart; J-F. Pintos; 
P. Chambelin, "Evaluation and Characterization of an UWB 
Antenna in Time and Frequency Domains," Ultra-Wideband, The 
2006 IEEE 2006 International Conference on, pp.669-673, Sep. 
2006. 

[32] K. Gomi; M. Ishida; S. Hiura, "UWB module with antenna using 
organic substrates," Wireless Technology, 2005. The European 
Conference on, pp. 399-402, 3-4 Oct. 2005. 

[33] J. Powell; A. Chandrakasan, "Differential and single ended 
elliptical antennas for 3.1-10.6 GHz ultra wideband 
communication," Antennas and Propagation Society International 
Symposium, 2004. IEEE, vol. 3, pp. 2935-2938, 20-25 Jun. 2004. 



References 

 83

[34] M. A. Peyrot-Solis; G. M. Galvan-Tejada; H. Jardon-Aguilar, 
"State of the art in ultra-wideband antennas," Electrical and 
Electronics Engineering, 2005, 2nd International Conference on, 
pp. 101-105, 7-9 Sep. 2005. 

[35] T. Taniguchi; T. Kobayashi, "An omnidirectional and low-VSWR 
antenna for the FCC-approved UWB frequency band," Antennas 
and Propagation Society International Symposium, 2003. IEEE, 
vol. 3, pp. 460-463, 22-27 Jun. 2003. 

[36] Malik, W.Q.; Edwards, D.J.; Stevens, C.J., "Angular-spectral 
antenna effects in ultra-wideband communications links," 
Communications, IEE Proceedings- , vol.153, no.1, pp. 99-106, 2 
Feb. 2006. 

[37] G.-Y. Chen; J.-S. Sun; S.-Y. Huang; Y. D. Chen; C.-H. Lin, 
"Characteristics of UWB antenna and wave propagation," 
Intelligent Signal Processing and Communication Systems, 
ISPACS 2005, Proceedings of 2005 International Symposium on, 
pp. 713-716, 13-16 Dec. 2005. 

[38] G. Brzezina; L. Roy, L. MacEachern, "Planar antennas in LTCC 
technology with transceiver integration capability for ultra-
wideband applications," Microwave Theory and Techniques, IEEE 
Transactions on, vol. 54, no. 6, pp. 2830-2839, Jun. 2006. 

[39] J. Han; C. Nguyen, "Investigation of time-domain response of 
microstrip quasi-horn antennas for UWB applications," 
Electronics Letters, vol. 43, no. 1, pp. 9-10, Jan. 4 2007. 

[40] M. Klemm, I. Z. Kovacs; G. F. Pedersen; G. Triister, "Comparison 
of directlional and omnl-directlonal UWB antennas for Wireless 
Body Area Network applications," Applied Electromagnetics and 
Communications, ICECom 2005, 18th International Conference 
on, pp. 1-4, 12-14 Oct. 2005. 

[41] W. L. Stutzman and G. A. Thiele, “Antenna Theory and Design,” 
2nd ed., John Wiley & Sons, Inc., 1998. 



References 

 84

[42] R. A. Scholtz, R. Weaver, E. Homier, J. Lee, P. Hilmes, A. Taha, 
and R. Wilson, “UWB Radio Deployment Challenges,” The 11th 
IEEE International Symp. on Personal, Indoor and Mobile Radio 
Communications, 2000, vol. 1, pp. 620-625, Sep. 2000. 

[43] K. S. Shanmugan, “Estimating the Power Spectral Density of 
Ultra Wideband Signals,” IEEE International Conf. on Personal 
Wireless Communications, 2002, vol. 1, pp. 124-128, Dec. 2002. 

[44] S. H. Krishnamurthy, A. Konanur, G. Lazzi, and B. L. Hughes, 
“Ultrawideband Vector Antennas for Sensing and Possitioning,” 
Thirty-Eighth Asilomar Conf. on Signals, Systems, and Computers, 
2004, vol. 1, pp. 1237-1241, Nov. 2004. 

[45] Geer, D., "UWB standardization effort ends in controversy," 
Computer, vol.39, no.7, pp. 13-16, July 2006. 

[46] Balakrishnan, J.; Batra, A.; Dabak, A., "A multi-band OFDM 
system for UWB communication," Ultra Wideband Systems and 
Technologies, 2003 IEEE Conference on, pp. 354-358, 16-19 Nov. 
2003. 

[47] H. Pues and A. van de Capelle,  “Accurate Transmission-line 
Model for the Rectangular Microstrip Antenna,” IEEE 
Proceedings, vol. 131, no. 6, pp 334-339, 1984. 

[48] A. G. Derneryd, “Linearly Polarized Microstrip Antennas,” IEEE 
Trans. on Antennas and Propagatio, pp 846-851, 1976. 

[49] J. Huang, “The Finite Ground Plane Effect on Microstrip Antenna 
Radiation Patterns,” IEEE Trans. on Antennas and Propagation, 
vol. AP-31, no. 4, pp 649-653, Jul. 1983. 

[50] J. P. Kim and W. S. Park, “Analysis and Network Modeling of an 
Aperture-Coupled Microstrip Patch Antenna,” IEEE Trans. on 
Antennas and Propagation, vol. 49, no. 6, pp 849-854, Jun. 2001. 

[51] K. R. Carver and J. W. Mink, “Microstrip Antenna Technology,” 
The Analysis and Design of Microstrip Antennas and Arrays, pp. 
3-25, IEEE Press, New York, 1995. 



References 

 85

[52] E. Levine, G. Malamud, S. Shtrikman, and D. Treves “A Study of 
Microstrip Array Antennas with the Feed Network,” The Analysis 
and Design of Microstrip Antennas and Arrays, pp. 3-25, IEEE 
Press, New York, 1995. 

[53] H. Nakano, Y. Okabe, H. Mimaki, and J. Yamauchi, “A Monofilar 
Spiral Antenna Excited Through a Helical Wire,” IEEE Trans. on 
Antennas and Propagation, vol. 51, no. 3, Mar. 2003. 

[54] H. Nakano, J. Eto, Y. Okabe, and J. Yamauchi, “Tilted- and Axial-
Beam Formation by a Single-Arm Rectangular Spiral Antenna 
with Compact Dielectric Substrate and Conducting Plane,” IEEE 
Trans. on Antennas and Propagation, vol. 50, no. 1, Jan. 2002. 

[55] C. Soras, M. Karaboikis, G Tsachtsiris, and V. Makios, “Analysis 
and Design of an Inverted-F Antenna Printed on a PCMCIA Card 
for the 2.4 GHz ISM Band,” IEEE Antennas and Propagation 
magazine, vol. 44, no. 1, Feb. 2002. 

[56] K. Tsunoda and T. Taga, “Analysis of Planar inverted F antenna 
using spatial network method,” Antennas and Propagation Society 
International Symp. 1990, vol. 2, pp. 664-667, May 1990. 

[57] M.-C. Huynh and W. Stutzman, “Ground plane effects on planar 
inverted-F antenna (PIFA) performance,” Microwaves, Antennas 
and Propagation, IEE Proceedings, vol. 150, no. 4, pp. 209-213, 
Aug. 2003. 

[58] A. Batra, J. Balakrishnan, G. R. Aiello, J. R. Foerster, and A. 
Dabak, “Design of a Multiband OFDM System for Realistic UWB 
Channel Enviorments,” IEEE Trans. on Microwave Theory and 
Tech, vol. 52, no. 9, pp. 2123-2138, Sep. 2004. 

[59] X. H. Wu; A. A. Kishk, "An Ultra-wide Band Omnidirectional 
Monopole Antenna," Antenna Technology: Small and Smart 
Antennas Metamaterials and Applications, 2007. IWAT '07. 
International Workshop on, pp. 345-348, 21-23 Mar. 2007. 



References 

 86

[60] Y. Ishiyama and T. Ohtsuki, “Performance Evaluation of UWB-IR 
and DS-UWB with MMSE-Frequency Domain Equalization 
(FDE),” IEEE Global Telecommunications Conf., 2004, vol. 5, pp. 
3093-3097, Dec. 2004. 

[61] I. Oppermann, L. Stoica, A. Rabbachin, Z. Shelby, and J. Haapola, 
“UWB wireless sensor networks: UWEN - a practical example,” 
IEEE Communications Magazine, vol. 42, no. 12 pp. S27-S32, 
Dec. 2004. 

[62] N. Baker, “ZigBee and Bluetooth Strengths and Weaknesses for 
Industrial Applications,” Computing & Control Engineering 
Journal, vol. 16, pp. 20-25, May. 2005. 

[63] X. Li; Z. Wang; Y. Fei; D. Guo, "The Interval Modulation System 
For The Ultra-Wideband Vehicular Radar," ITS 
Telecommunications Proceedings, 2006 6th International 
Conference on , pp.282-285, Jun. 2006. 

[64] A. Oncu; B.B.M. W. Badalawa; T. Wang, M. Fujishima, "22-
29GHz Ultra-Wideband CMOS Pulse Generator for Collision 
Avoidance Short Range Vehicular Radar Sensors," Design 
Automation Conference, 2007. ASP-DAC '07. Asia and South 
Pacific, pp. 94-95, Jan. 2007. 

[65] T. Fukuda, N. Negoro, S. Ujita, S. Nagai, M. Nishijima, H. Sakai, 
T. Tanaka, D. Ueda, "A 26GHz Short-Range UWB Vehicular-
Radar Using 2.5Gcps Spread Spectrum Modulation," Microwave 
Symposium, 2007. IEEE/MTT-S International, pp.1311-1314, 3-8 
Jun. 2007 

 [66] FCC 02-48, “Revision of Part 15 of the Commission’s Rule 
Regarding Ultra-Wideband Transmission Systems”, First Report 
and Order, ET 98-153; adopted: February 14, 2002; released: 
April 22, 2002. 



References 

 87

[67] FCC 04-285, “Revision of Part 15 of the Commission’s Rule 
Regarding Ultra-Wideband Transmission Systems”, Second 
Report and Order and Second Memorandum Opinion and Order, 
ET 98-153; adopted: December 15, 2004; released: December 16, 
2004. 

[68] FCC 47 CFR, “Part 15-5-4-07,” FCC, May 4, 2007. 

[69] ECC Report 64, “The Protection Requirements of Radio-
Communications Systems Below 10.6 GHz from Generic UWB 
Applications,” Helsinki, February 2005. 

[70] ECC/DEC/(06)04, “ECC Decision of 24 March 2006 amended 6 
July 2007 at Constanta on the harmonised conditions for devices 
using Ultra-Wideband (UWB) technology in bands below 10.6 
GHz”, released: March 2006 and amended 6 July 207. 

[71] ECC/DEC/(06)08, “ECC Decision of 01 December 2006 on the 
conditions for use of Ground-and Wall Probing Radar 
(GPR/WPR) imaging systems”, December 2006. 

[72] ECC/DEC/(06)12, “ECC Decision of 01 December 2006 on the 
harmonised conditions for devices using Ultra-Wideband (UWB) 
technology with Low Duty Cycle (LDC) in the frequency band 3.4 
– 4.8 GHz”, December 2006. 

[73] ECC Report 94, “The technical requirements for UWB LDC 
devices to ensure the protection of FWA systems”, by Nicosia, 
December 2006. 

[74] Commission Decision 2007/131/EC on allowing the use of the 
radio spectrum for equipment using ultra-wideband technology in 
a harmonised manner in the Community, released: February, 2007. 

[75] Recommendation ITU-R SM.1754,” Measurement techniques of 
ultra-wideband transmissions”. 

[76] Recommendation ITU-R SM. 1755,” Characteristics of ultra-
wideband technology”. 



References 

 88

[77] Recommendation ITU-R SM. 1756,” Framework for the 
introduction of devices using ultra-wideband technology”. 

[78] Recommendation ITU-R SM. 1757,” Impact of devices using 
ultra-wideband technology on systems operating within 
radiocommunication services”. 

[79] AWF3/14, “Technical Conditions on UWB Radio Systems in 
Japan”, MIC, Japan. 

 



 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.496 x 9.449 inches / 165.0 x 240.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20070221161557
       680.3150
       S-5
       Blank
       467.7165
          

     Tall
     1
     0
     No
     707
     246
     None
     Left
     17.0079
     0.0000
            
                
         Both
         135
         AllDoc
         138
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     79
     292
     291
     292
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: current page
     Trim: fix size 6.890 x 9.843 inches / 175.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20070320125831
       708.6614
       S5-utfall
       Blank
       496.0630
          

     Tall
     1
     0
     No
     707
     246
     None
     Left
     17.0079
     0.0000
            
                
         Both
         135
         CurrentPage
         138
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     108
     292
     108
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: current page
     Trim: fix size 6.890 x 9.843 inches / 175.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20070320125831
       708.6614
       S5-utfall
       Blank
       496.0630
          

     Tall
     1
     0
     No
     707
     246
     None
     Left
     17.0079
     0.0000
            
                
         Both
         135
         CurrentPage
         138
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     124
     292
     124
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: current page
     Trim: fix size 6.890 x 9.843 inches / 175.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20070320125831
       708.6614
       S5-utfall
       Blank
       496.0630
          

     Tall
     1
     0
     No
     707
     246
     None
     Left
     17.0079
     0.0000
            
                
         Both
         135
         CurrentPage
         138
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     140
     292
     140
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: current page
     Trim: fix size 6.890 x 9.843 inches / 175.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20070320125831
       708.6614
       S5-utfall
       Blank
       496.0630
          

     Tall
     1
     0
     No
     707
     246
     None
     Left
     17.0079
     0.0000
            
                
         Both
         135
         CurrentPage
         138
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     162
     292
     162
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: current page
     Trim: fix size 6.890 x 9.843 inches / 175.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20070320125831
       708.6614
       S5-utfall
       Blank
       496.0630
          

     Tall
     1
     0
     No
     707
     246
     None
     Left
     17.0079
     0.0000
            
                
         Both
         135
         CurrentPage
         138
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     176
     292
     176
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: current page
     Trim: fix size 6.890 x 9.843 inches / 175.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20070320125831
       708.6614
       S5-utfall
       Blank
       496.0630
          

     Tall
     1
     0
     No
     707
     246
     None
     Left
     17.0079
     0.0000
            
                
         Both
         135
         CurrentPage
         138
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     186
     292
     186
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: current page
     Trim: fix size 6.890 x 9.843 inches / 175.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20070320125831
       708.6614
       S5-utfall
       Blank
       496.0630
          

     Tall
     1
     0
     No
     707
     246
     None
     Left
     17.0079
     0.0000
            
                
         Both
         135
         CurrentPage
         138
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     198
     292
     198
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: current page
     Trim: fix size 6.890 x 9.843 inches / 175.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20070320125831
       708.6614
       S5-utfall
       Blank
       496.0630
          

     Tall
     1
     0
     No
     707
     246
     None
     Left
     17.0079
     0.0000
            
                
         Both
         135
         CurrentPage
         138
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     220
     292
     220
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: current page
     Trim: fix size 6.890 x 9.843 inches / 175.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20070320125831
       708.6614
       S5-utfall
       Blank
       496.0630
          

     Tall
     1
     0
     No
     707
     246
     None
     Left
     17.0079
     0.0000
            
                
         Both
         135
         CurrentPage
         138
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     240
     292
     240
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: current page
     Trim: fix size 6.890 x 9.843 inches / 175.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20070320125831
       708.6614
       S5-utfall
       Blank
       496.0630
          

     Tall
     1
     0
     No
     707
     246
     None
     Left
     17.0079
     0.0000
            
                
         Both
         135
         CurrentPage
         138
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     256
     292
     256
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: current page
     Trim: fix size 6.890 x 9.843 inches / 175.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20070320125831
       708.6614
       S5-utfall
       Blank
       496.0630
          

     Tall
     1
     0
     No
     707
     246
     None
     Left
     17.0079
     0.0000
            
                
         Both
         135
         CurrentPage
         138
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     276
     292
     276
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.890 x 9.843 inches / 175.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20070320125831
       708.6614
       S5-utfall
       Blank
       496.0630
          

     Tall
     0
     0
     No
     635
     395
     None
     Up
     0.0000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     292
     291
     292
      

   1
  

    
   HistoryItem_V1
   DefineBleed
        
     Range: all pages
     Request: bleed all round 14.17 points
     Bleed area is outside visible: no
      

        
     0.0000
     0
     0.0000
     14.1732
     0
     0
     581
     343
     0.0000
     Fixed
            
                
         Both
         AllDoc
              

       PDDoc
          

     0.0000
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     292
     291
     292
      

   1
  

    
   HistoryItem_V1
   StepAndRepeat
        
     Trim unused space from sheets: no
     Allow pages to be scaled: no
     Margins: left 0.00, top 0.00, right 0.00, bottom 0.00 points
     Horizontal spacing (points): 0 
     Vertical spacing (points): 0 
     Crop style 1, width 0.30, length 5.67, distance 14.17 (points)
     Add frames around each page: no
     Sheet size: 8.268 x 11.693 inches / 210.0 x 297.0 mm
     Sheet orientation: tall
     Layout: rows 0 down, columns 0 across
     Align: centre
      

        
     0.0000
     14.1732
     5.6693
     1
     Corners
     0.2999
     ToFit
     0
     0
     0.7000
     0
     0 
     0
     0.0000
     0
            
       D:20071003103129
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     589
     352
     0.0000
     C
     0
            
       PDDoc
          

     0.0000
     0
     2
     1
     0
     0 
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.496 x 9.449 inches / 165.0 x 240.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20070221161557
       680.3150
       S-5
       Blank
       467.7165
          

     Tall
     1
     0
     No
     707
     246
    
     None
     Right
     63.7795
     0.0000
            
                
         Both
         135
         AllDoc
         138
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     23
     292
     291
     292
      

   1
  

 HistoryList_V1
 qi2base




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




