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(ABSTRACT)

As a license-exempt technology, Ultra Wideband (UWBh de used for
numerous commercial and military applications, includinggray, sensing, low-range
networking and multimedia consumer products. In the netwgraimd consumer fields,
the technology is envisioned to reach the mass masktdt,a very high density of UWB
devices per home and office. The technology is basethe@mroncept of transmitting a
signal with very low power spectral density (PSD), whdccupying a very wide
bandwidth. In principle, the low emissions mask proteetsmbent systems operating in
the same spectrum from being interfered with, while wiée bandwidth offers the
possibility of high data rates, in excess of 250 Mbps.

UWB has been regulated to operate in the 3.1 to 10.6 GHmmpat the
spectrum, with an emissions mask for the lower and upgatsboutside this range. The
commercial wireless mobile services based on thiréerggion (3G) networks occupy a
portion of the spectrum in the 2 GHz band, faling under ttWB emissions mask.
UWB and UMTS (Universal Mobile Telephone Systems) deviwill coexist, sharing
the same spectrum.

In this research, we investigate the UWB-3G coextggiroblem, analyzing the
impact of UWB on UMTS networks. Firstly, we reviewetimathematical model of the
UWB signal, its temporal and spectral properties. We #ratyze and model the effects
of the UWB signal on a narrowband receiver. Next,characterize the response of the
UMTS receiver to UWB interference, determining itsatistical behavior, and
establishing a model to replicate it. We continue byppsing a link level model that
offers a first order quantitative estimate of the inp@ica UWB interferer on a UMTS

victim receiver, demonstrating the potentially harnafiéct of UWB on the UMTS link.



We elaborate on that initial evidence by proposing amgleimenting a practical
system- level algorithm to realistically simulate thehavior of the UMTS network in the
presence of multiple sources of UWB interference.

We complete the research by performing UMTS system kewnulations under
various conditions of UWB interference, with the purpos@ssessing its impact upon a
typical UMTS network. We analyze the sensitivity dfetmain UWB parameters
affecting UMTS performance, investigating the coverage aapacity performance
aspects of the network. The proposed analysis methodalagtes a framework to
characterize the impact that mass-deployed UWB can tiawke performance of a 3G
system.

The literature on UWB-3G coexistence is inconclusarad even contradictory, as
to the impact UWB can have on the performance oflip@neration wireless networks.
While some studies show that UWB can be highly detrialeie 3G networks, others
have concluded that both systems can gracefully co&tstugh this study, we found
that at the current emissions limits regulated for U\@Bnass uptake of this technology
can negatively affect the performance of third-genena{BG) wireless networks. The
guality of service experienced by a 3G user in close mitykxio an active UWB device
can be noticeably degraded, in the form of reduced coveeagg, poor voice quality
(for a voice call), lower data rates (for a dataise@}®r, in a extreme situation, complete
service blockage. As the ratio of UWB devices surroundin@G user grows, the
degradation becomes increasingly more evident. We deisinthat in order for UWB to
coexist with 3G networks without causing any performadegradation, a minimum

power backoff of 20 dB should be applied to the current esnidisits.
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Chapter 1

Introduction

1.1 Ultra Wideband (UWB)

The term “Ultra Wideband” (UWB) refers to the spectchbracteristics of a
method to generate, transmit, receive and processnatmn. The fundamental principle
of UWB is the use of pulses of extremely short duraistead of continuous waves to
carry information. The pulses produce a signal with widéantaneous bandwidth, thus
the name ultra wideband. Alternative terms used forsdme method are impulse radio
(IR), impulse radar, impulse communications, carrierlessyier-free, time-domain,
baseband, sub-nanosecond, non-sinusoidal, and others.

A common definition characterizes a UWB signal asirtava fractional
bandwidth greater than 25% [2,3,4,5,6] or total bandwidth gréade 1.5 GHz [2,3,5,6].
The Federal Communications Commission (FCC), on jsil 002 First Report and
Order (R&O), defined a UWB signal as having fractiorehdwidth greater than 20% or
total bandwidth greater 500 MHz, with the bandwidth measatetthe —10 dB points
[2,5]. Figure 1-1 illustrates the FCC definition of the U\WiBnal bandwidth. The FCC’s
definition changed the interpretation of what UWB enpasses, detaching it from the
signal generation technique. The scope of UWB is no loagiached to a particular
method of transmitting information over the air, bather associated to bandwidth
occupation and power spectral density, allowing modulagchriques other than pulsed
radio to be employed.



Power Spectral Density

Figure 1-1 - The definition of Ultra Wideband (UWB) signal tandwidth according to the Federal
Communications Commission (FCC). The bandwidth is meased at the —10 dB points.

UWB finds potential applications in many civilian andlitay fields. In radar
and sensing UWB has been investigated for applicatiomehicular radars, through-wall
imaging (for public safety applications), ground penetratiadars (GPR), medical
imaging and surveillance. The very high resolution regylfrom the extremely narrow
pulses makes UWB naturally suitable for high accuracy mgngiln wireless
communications, it can be used in high capacity local parsonal area networks
(LAN/PAN), short range radios and mass market multimagglications (physical cable
replacement). The main motivation for using UWB in elss communications
applications is related to its potential ability to delivery high capacity channels at low
power levels. Shannon’s equation states that the ehaapacity varies linearly with the
bandwidth, but logarithmically with the signal-to-noisatio. Theoretically, UWB’s
power spectral density can be maintained at very loeldevhile carrying many Mbps of
data. In principle, this allows UWB systems to coewigh narrowband systems without

the need for spectral separation. Figure 1-2 illustratesdhcept.
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Figure 1-2 — UWB spectrum versus existing narrowband system8WB is intended to coexist with
legacy systems without the need for spectral separation.

UWB is intended for unlicensed use, sharing spectrum withide variety of
legacy systems. The allocated band in the United Stanges from 3,100 to 10600 MHz
for most applications, except vehicular radar systemschwwill use the 22,000 to
29,000 MHz band. In both bands, the indoor EIRP (Effedte&ropic Radiated Power)
is limited to —41.3 dBm, with a power mask limiting the emis outside the bands, as

detailed in [5]. Low frequency imaging systems extend ¢weet band limit to 1,900
MHz and have their EIRP restricted to —51.3 dBm. This @sgdimiting UWB emissions,

to prevent harmful interference to licensed serviagsipying these bands. Moreover, the

application of this technology is limited to conditiath&t allow the coexistence between

UWB and legacy systems, minimizing the impact UWB n&yse on them.

Table 1-1 - FCC emission requirements for indoor and hastheld UWB systems [5]

Frequency range (MHz) Mean EIRP in dBm/MHz
(Indoor/outdoor)
960-1610 -75.3/-75.3
1610-1900 -53.3/-63.3
1900-3100 -51.3/-61.3
3100-10600 -41.3/-41.3
Above 10600 -51.3/-61.3




1.2 Motivation and Contribution

Amongst the many legacy systems that will share peetsum with UWB are the
commercial wireless mobile networks, also commoefgmred to as cellular networks.
Such networks have evolved dramatically since theiephion in the early 1980’s,
having grown from first-generation, small-coverage,-fmmetration, voice-only systems
to the third-generation (3G), nationwide, multi-millieabscribers, multimedia services
Universal Mobile Telecommunications Systems (UMT8)works currently being rolled
out. They have also become a key component of the pahfiety infrastructure,
providing services such as E911.The carriers operating tietserks have invested —
and continue to invest —, substantial capital to acquidusive rights to use the
spectrum. For example, in the United States, wirelessiecs currently operating
personal communications services (PCS) networks irl9€ MHz band, have invested
over US$7 bilion to acquire spectrum usage rights during the 1998/FCC auctions
[115].

The consumer applications envisioned for UWB will plateese devices
physically close to the 3G mobile terminals. In aumatmarket deployment, the UWB
device density could far exceed that of mobile phonesnpatly resulting in several
UWB devices per 3G terminal. The emergence of a licersenpt technology based on
spectrum coexistence, with main applications in masgehgproducts, suggests that the
impact of the newcomer on incumbent systems be tholpuglestigated. The literature
on UWB-3G coexistence is inconclusive, and even cdiai@y, as to the impact UWB
can have on the performance of third-generation vesetetworks. While some studies
show that UWB can be highly detrimental to 3G netwodibers have concluded that
both systems can gracefully coexist. The lack of sbesi, conclusive studies on the
potential impact of UWB on 3G networks constitutes thengmy motivation for this
research.

The research considers the theoretical and practspces of the coexistence
between UWB and third-generation wireless mobile netsjowith particular emphasis
on UMTS. It investigates the impact of UWB on the parfance of 3G networks,



modeling the effects that UWB, as regulated by the F&@,have on existing wireless

networks. In particular, this study addresses the foligwaireas of interest:

* Quality of service (QoS): The 3G user experience inpitesence of
in-band interference caused by UWB.

* Network coverage: The effects of UWB interferenceéha coverage
area of the 3G network.

* Network capacity: The effects of UWB interference tire traffic

handling capacity of the 3G network.

The available literature describes 3G system levebpmence simulations in the
presence of UWB for very controlled scenarios, lichitéo theoretical network
configurations and scarce set of relevant input vagaflae results obtained from those,
while offering some insight into the actual impact VB on 3G, do not allow for a
thorough quantitative assessment of interference ih metwork deployments. This
contribution intends to overcome the limitations podsdthose studies, offering a
thorough investigation, which can be used to assess thatbretical and practical
network scenarios. The majoontribution of this effort is to demonstrate that UWB can
have a detrimental effect on the performance of thp@deration networks. However,
unlike in the work available in the literature, thisdt shows that coexistence is possible
under certain circumstances. It also analyses theteffe UWB device density and
emission power on the performance of 3G networks, stgdii@ conditions that would
allow the coexistence of both systems. These iboibns are enabled by a
methodology that provides realistic, comprehensive aathlde analyses of the effects
of UWB on third-generation wireless networks. The prepgosiethodology was realized
with the aid of a commercial off-the-shelf wirelesstwork planning tool, which had the
author’s involvement during various stages of its developni¥his tool is obtainable for
general use, making this contribution readily availablartyone interested in the UWB-

UMTS coexistence problem.



1.3 Document Overview

This document compiles the theoretical and practicalcéspe this research. It
also presents the methodology proposed for the analysl8V8 interference on UMTS
networks and the results from simulations completedviatig this methodology.

Chapter 2 introduces and reviews the properties of the Wighal and its power
spectral density, exploring the effects of pulse shape&utabon and dithering on the
power spectral density (PSD). In addition, this chaptedets the UWB interference on
narrowband radio systems, with particular emphasis ddMA'S receiver. Through
simulations, we model the statistical behavior of th&/B interference on the UMTS
receiver with the variation of the pulse repetiticegiuency (prf) of the UWB signal.

Chapter 3 discusses the UWB interference on UMTS ateldevel, isolating a
single source of interference and a single UMTS vichoth under a single UMTS cell.
It investigates both the downlink and uplink, taking intosideration the various factors
relevant in each case. This analysis provides a dirder quantitative estimate of the
effects of UWB on UMTS, laying the ground for the subsatisgstem level study.

Chapter 4 addresses the UWB interference on UMTS atsyetem level. It
discusses the limitations of the cell level analysm®l shows the need for statistical
modeling for a realistic representation of UWB intexfece on UMTS. We propose a
Monte Carlo algorithm to simulate the dynamics betweg®B and UMTS users. The
algorithm captures the effects of this interactiontlma network, replicating the behavior
expected in a real environment. The UMTS network maggllies all the elements
typically employed in actual network design, making it gsh&icated as those adopted
by wireless carriers and network infrastructure manufacs. We present the results of
simulations for different UMTS user profiles, as well @ sensitivity analysis for UWB
user density and radiated power.

Chapter 5 summarizes the contributions of this reseanth indicates areas of
future research related to this topic.



Chapter 2
The UWB Interference on Narrowband Radio

Systems

This chapter describes the mathematical model of B Wignal and its effect on
a narrowband receiver. The analysis concentratafemrignal representation for pulsed
UWB systems. Applications based on other technologesh as OFDM, would yield
different results. However, the analytical methodolagged to quantify the UWB
interference on a narrowband receiver is generic andoe applied to any modulation. In
addition, we analyze the effects of UWB interferencea UMTS receiver. We use the
results of simulations to determine the statisticélab®r of the UWB interference in a

generic UMTS victim receiver.

2.1 The UWB Signal Model

The UWB signal utilized in this analysis can be repmese by a series of pulses

p(t) of very short duration, described as

N-1
w(t) = Zak p(t—kT), Equation 2-1
k=0

where a_ is the amplitude of the k™ pulse andT is the pulse repetition interval.

Alternatively, the UWB signal can also be descriivethe form
w(t) =d(t) C p(t), Equation 2-2

whered(t )is



N-1
d(t) = Zak o(t—KT), Equation 2-3
k=0

o(t) is the Dirac delta function and represents the convolution operation.
Let W(f) be the frequency domain representation of the WigRal, obtained

via the Fourier transform of its time domain vensid/( f )is then

N-1 )
W(f)=P(f)D(f)=P(f )z a e 7T Equation 2-4
k=0
where D(f )enotes the Dirac delta function in the frequermyain.
When using an UWB signal to carry data, the aonbdita, and the pulse delay
T, can be used as modulation variables. The randdoren®f the modulating signal

implies that the UWB signal must be modeled asralomn process. In this case, the
power spectral density (PSD) is a more suitablecrgesr of its frequency domain

behavior. The power spectral density of the UWBa&ligy(t ), denoted byS,,(f )s
S.(F) =[P(f)*S, (1), Equation 2-5

where S, (f yepresents the average power per Hz (W/Hz) asdiidmnof the frequency,

while S, (f) is the power spectral density dt . JThe term| P(f)|2is the magnitude of

the Fourier transform of the pulggt , representing the energy spectral density (ESD) of

a single pulse and expressed in units of joules{4.) is given by

P(f)= '[ p(t)e ™" dt. Equation 2-6



Equation 2-5 shows that the power spectral density ofUW& signal w(t)
comprises two components: the energy spectraltgevisthe pulsep(t )and the power
spectral density ofi(t .)

Typically, UWB systems do not use one single ptdseepresent a data symbol.
Many pulse repetitions, in the order of hundreds, mansmitted for each symbol, to
assure its proper reception [2,37]. Consequettéy power spectrum of these pulse trains
shows spectral lines, or comb lines. The regulanitythese spectral lines may cause
UWB systems to interfere on conventional narrowbsyslems sharing the spectrum.

The use of time hopping by applying dithering te@ tbulses can minimize this
phenomenon, introducing a degree of randomnedsetpulse train. It also allows for the
introduction of data modulation and multiple accéslsannelization) to UWB. Pulse
position modulation (PPM) is generally employed tlois purpose. For instance, a binary
0 may represent no dithering and a binary 1 a sdidlering, generally indicated as a
percentage of the pulse period. Channelizationbeaimtroduced via the use of a second,
larger pulse dithering that provides further smowthof the spectral lines and permits
multiple access. This is generally accomplishestgugiseudo-random noise codes (PN
codes). The noise-like nature of PN codes addgahdom component responsible for
reducing the spectral lines on the modulated sighhis approach is also known as
Direct Sequence Ultra Wideband (DS-UWB).

The resulting UWB signal, affected by pulse positimodulation and dithering

can be expressed as
N-1
w(t) = Zak p[t-d, —KkT], Equation 2-7
k=0

where d, represents the total time dither (data plus PNefoid time units and’ the

pulse repetition interval (PRI).



The energy in a single pulse is

2

E, = T|P( f )| df Equation 2-8

and the total average power can be expressed as

Py = <a|f>EpR ; Equation 2-9

where R is the average pulse repetition frequency (PRF)

pu]
I

Equation 2-10

[

2.2 The UWB Power Spectral Density

The power spectral density (PSD) of the UWB sigmalf central importance in the
analysis of its interference effects on other ragystems. The UWB pulse power
distribution over the signal bandwidth dependshmnghape of the pulse spectrum and on
the modulation mechanism. As indicated by equai®8), the power spectral density of
the UWB signal is a function of the energy spectiemsity of the UWB pulse and the
power spectral density of the impulse sequed(®. The PSD for various UWB signal
models has been developed through different teahsiq albeit with agreeing results, in
[89], [90], [91] and [92]. The generic expressiamn the PSD of a UWB signal of frame
durationT has the form

P(F)

Su(h) ==

D Ryplle’*, Equation 2-11
|

where

10



Ryl ={c(F)ci (1)), Equation 2-12

with

e j2rfe,

c (f)=a, Equation 2-13

The transmit timel, of the k,, pulse is related t® and &, by

T, =kT +¢&, Equation 2-14

The PSD often consists of a continuous and a desc@mponent, which can be

derived from equation (2-11) by expressing the naidhn term ck(f) in terms of its
mean valuey, (f ) its variance and a white, zero-mean proaggs)=c, (f)-u.(f , )

as shown in equation (2-15). The PSD can then hetdd by

S, (f) :|P(f)|2{0c21€f) + |,Uc_l(_z)| Zé(f —%)} Equation 2-15

The first term of equation (2-15) represents thetinaous component of the PSD, while

the second term corresponds to the discrete commra spectral lines.

2.2.1 PSD of the UWB Signal with Discrete Pulse Positions

For the UWB pulse shape corresponding to the fistivative of the Gaussian
monocycle, the continuous component of the PSDafpulse position modulated signal
with 2M possible pulse positions is [89]

_ 2| sin(fMe.) | on .
S,.(f)= R|P(f)| {1 {COSZI‘[A—M sin(ifsc)} } Equation 2-16

11



and the power in the” discrete spectral component is

2
2mA\ sin(fnMe, 1T _
P = R2|P(nR)|2{CO{ T jM S(in(m£ /T))} : Equation 2-17

where R=1/T Hz is the pulse repetition frequency (PRB),is the time offset produced

by the modulation process, the granularity of the code-controlled pulse positlt is

worth noting that the continuous component of ti®&DHs proportional to the pulse
repetition frequencyR, whereas the discrete component is proportionalRfo In
addition, the spectral lines appear at multiplefRof

Figure 2-1 illustrates the energy spectral dengBSD) of the Gaussian
monocycle relative to its maximum value, for putbaration r = 05ns. Figure 2-2
shows the continuous power spectral density folJ&¥B signal based on a Gaussian

monocycle, with total power equal to 10 dBm, pulseation 7 = 0.5ns, £, =10ns and

R=10MHz.
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Figure 2-1 Energy spectral density (ESD) of the Gaussian moaycle relative to the maximum value,
in dB. The pulse duration is 0.5 ns.
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Figure 2-2 Continuous power spectral density (PSD) of éhGaussian monocycle for a total UWB
signal power of 10 dBm. The pulse duration is 0.5 n§)=10,&E=10ns and R=10 MHz

2.2.2 PSD of the UWB Pulse with Uniform Pulse Position

When the pulse can occur anywhere within the frameniat and its position
follows a uniform distribution, the continuous componehthe PSD for the pulse shape
corresponding to the first derivative of the Gaussianouycle is

S,(f)= %@( f)lL-sinc (7ta)], Equation 2-18
with the power spectral component at freque%y being
P =L, 0 sinc?| 72 ar Equation 2-19
T AlT T7) q

where a is the width of the time interval. ik =T , the pulse can appear anywhere in the
UWB frame. In this case, the PSD has no spectied liexcept af =0.

13



2.2.3 PSD of the Generalized UWB Signal Model

The models described in the previous sections assumengachation symbol to
be limited to one UWB frame and infinite-length pseudwdoan dithering codes. A more
generalized case accounts for multi-frame informationb®ls and for dithering codes of

finite length. Such UWB signal can be described as
w(t) =D av,(t-nT-4,), Equation 2-20

where a,and A, represent then™ pulse amplitude and position modulation,

respectively, and/ (t ylenotes

M-1
V(1) =D a,npt—-mT, =&, ), Equation 2-21
m=0
where v, (t )is non-zero for0O<t<t, , witht,+A __ <T.T, is the UWB frame interval,

&,m and a, ., represent the dithering delay and amplitude ahéan of pulse n and

n,m

p(t) is the fundamental pulse waveform. In the freqye&tmmainv, (t )s expressed by
= —j2/mT,
Vo (f)= z P(f)B,.e ™", Equation 2-22
m=0

where

- J 2ﬂgn,m

Bom =Qn € Equation 2-23

Both ¢, , and a, , can be modeled as deterministic or random, asogppte. In

the deterministic case, these variables represgmeriadic dithering code with period

NT , yielding the PSD expression
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S, (f)= %Z R [11e'*"" gvn (FWV.5 (), Equation 2-24
The PSD expression for the non-periodic ditheriageds
s.(f) = %Z RIIR,[1]e/>™ , Equation 2-25
where

R =(V, (F)Vo (). Equation 2-26

2.3 The UWB Interference on Narrowband Radio Systems

The operation of ultra wideband (UWB) devices agdtesns is intended to be
unlicensed, implying that existing licensed systear®l networks whose spectrum
overlaps with that used by UWB may be subject terfarence. Most systems operating
in this common band can be classified as narrowlam@dmparison with UWB. Radars
and high-capacity microwave links have signal badtiwof orders of magnitude less
than a typical UWB pulse bandwidth.

The effect UWB interference will have on the opemratof a coexisting system
depends on the ability of the victim receiver tgecethe undesired signal. The front-end
RF bandwidth of a radio receiver is usually muchewxithan the actual signal bandwidth,
for the receiver is usually designed to be ableutee over a range of frequency channels.
In a conventional dual-conversion super heterodyeeeiver, the output of the
intermediate frequency (IF) stage feeds the demaboluresponsible for recovering the
baseband signal. Consequently, the IF filteringestaltimately determines the bandwidth
of the signal applied to the demodulator. The arh@lirtJWB interference reaching the
demodulator therefore depends on the victim recsiNE filtering characteristics. Figure
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2-3 shows the block diagram of a typical dual-conversionrshpterodyne receiver.
Usually, the RF front-end includes an RF band filter andw-noise amplifier (LNA).
Depending on the application, it may also contain a duplexeantenna switching

circuitry.

RF Detection/
Front-end IF1 IF2 ’ Demodulation

LO, LO,

Figure 2-3 Block diagram of a typical dual-conversion super éterodyne receiver.

An interfering UWB signal goes through the same recepah as the desired
signal and appears to the demodulator as a signal processeel I filter block (IF2),

which has a transfer functiol . (f). The IF filter output response to the interfering

UWB signal is

G(f)=W(f)H(f), Equation 2-27

where G(f) is the frequency domain representation of theili€ér foutput time domain
response andW(f }he frequency domain representation of the UWBadigFor this
analysis, leff-, = f,. This assumption simplifies the analysis by elatimy the need to
consider the effect of frequency down conversiaargo the final IF stage. In essence, it
models the final IF filter with its intended bandth, but centered at frequencfy.
Figure 2-4 compares the frequency response ofRhidtér with the UWB signal. The
shaded area of the UWB signal under the IF respomse represents the portion of the
signal that is processed by the filter.

This study assumes that the receiver is operatitigearity. It considers that the
RF front-end stage and first mixer do not produaedtorder intermodulation products
that cause observable performance degradation. ¥owe must be noted that UWB
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signals may contain discrete tones of relatively ipigtver, offering the potential for such

effects.

|HIF(_f)| |HIF(f)|

PGl PCF)

Y N

Figure 2-4 Comparison between the IF filter response anthe UWB signal bandwidth.

2.4 Narrowband Receiver Response to the UWB Signal

In general, the bandwidth of the UWB pulse is much gredian the channel
bandwidth of the victim receiver, effectively makingetheceiver response to a single
UWB pulse equal to the impulse response of the IF fiidence, the actual shape of the
UWB pulse becomes of secondary relevance for thigsisahs the UWB signal energy
will be perceived as constant over the receiver padskigquation 2-27 can be rewritten

as
N-1 )
G(f)=Hg (F)P(f)D(f) =H (f)P(f)D> ae’®™ .  Equation 2-28
k=0
H,- (f) can also be represented by its baseband equivalgmbnse, indicated as
Hy () [9]

He-(f)=H,(f-f)+H (-f - 1,). Equation 2-29

Applying Equation 2-29 to 2-28 yields
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N-1 _
G(f) = P(F){H, (f = f) + HI (=T = f)}> ae ™ . Equation 2-30
k=0

Since p(t) is real, its frequency domain representatiBQf is)conjugate-

symmetric:
P(-f)=P"(f). Equation 2-31
Also, P(f)can be expressed in terms of its magnitude ance®s
P(f) =|P(f)e'*". Equation 2-32

Therefore, Equation 2-30 can be rewritten in thienfo

. . N-1 .
G(1) = |P(F){H, (F = fo)e +HT (= - ,)e "> a,e72™ . Equation 2-33

k=0

As previously mentioned, the bandwidth of the UW@nal is much larger than
the bandwidth of the IF filtering stages of thetimicreceivers of narrowband coexisting

systems. ThusP(f )s essentially constant over the passbandHpf(f and equation

(2-33) can be expressed as

G(f) =|P( f0)|{H (= f)e? Y+ HP(—f - fo)e_“"’”")}Zake_’MTk . Equation 2-34

k=0

The bandpass proceggt can also be represented by its in-phase and gquaglra

componentx(t andy (), respectively:
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g(t) = x(t) cos27f,t — y(t)sin27ft , Equation 2-35

where g(t) represents the entire UWB pulse sequence and

N-1

X(t) = z X (1), Equation 2-36
k=0
N-1

y(t) = yi (). Equation 2-37
k=0

The signal envelope is denoted by

a, (t) =+/x(t)* + y(t)* Equation 2-38

and the phase is

6(t) =tan™ Y : Equation 2-39
X(t)
The envelope power af(t i¥
az(t
P, (t) = g2( ) : Equation 2-40

G(f) can then be expressed in terms of g  anglY(f ) components as
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N-1 ) N-1 )
X(f)= {H” (F)P(fo)D a e + (= f)P(=f,)D a2k }Equation 2-41
k=0 k=0

N-1 ) N-1 )
Y(f)= l{H « (F)P( fo)z ake”z”‘ for DT _ H ifD (-f)P(- fo)z c’;lke_JZ”(f"_f)Tk } Equation 2-42
J k=0 k=0

If h (t) is complex, it can be represented in the fomr(tO:‘hif (t)‘e“’“). Hence,

Equations 2-41 and 2-42 can be expressed in thee domain, via the inverse Fourier

transform as:

x(t) = 2 p( fo)&‘fak\h" (t =Ty )|codb(t - T,) +@(f,) - 278,T, | Equation 2-43
k=0

y(t) = 2 p( fo)ﬁak\h" (t =T )|sin[6(t = T) +@(fo) - 27T, ] . Equation 2-44
k=0

The envelope output power gft) is

X* (1) +y° (1)

> Equation 2-45

Py (1) =

2.5 The Effects of UWB Interference on Narrowband Receivers

In the majority of the interference scenarios ¢énast, the UWB pulse bandwidth
is much wider than the victim receiver’'s bandwidfls a result, the response of the IF
filtering stage to a single UWB pulse can be cargd equivalent to the filter's impulse
response. The IF stage response to a series of plw¢Bs depends on the pulse rate. The
settling time of the filter’'s response is inversplpportional to the IF bandwidth and if
the UWB pulse rate is low in comparison to thatdvaidth, the output response will be a
series of individual impulse responses with theesiiming as that of the UWB pulses.

If the UWB pulse rate exceeds the IF bandwidth, rdsponses will overlap and
the resulting signal will depend on the phase atBon amongst the overlapping
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components. For a constant pulse, with no modulatioditbering, the filter response
will present spectral lines at multiples of the pulse.rdt the pulse rate or one of its
harmonics coincide with the central IF frequency, ribgponses to each pulse will be in
phase and the output signal will be constant.

In [116], Miller analytically derives that the noisseidue to UWB interference
on a direct conversion quadrature receiver is direciyee to the UWB pulse waveform
spectrum and the variance of the modulation symbolst Téwult, albeit useful and
somewhat intuitive, cannot be readily applied as theeffett of UWB interference at
baseband, as [116] promptly concludes. Miller concedes fumaper statistical
characterization of UWB interference on narrowbagckivers requires further analytical
and simulation efforts. Simulations presented in [7] sugtest if the average UWB
pulse rate exceeds the IF bandwidth and the signal isetikhthe IF output will appear
noise-like and have a Gaussian response [89]. This iass&riof particular relevance to
the analysis of the effect of UWB signals on UMT 8etieers, because it implies that the
UWB interference can be modeled as AWGN. Based omapipealing, but inconclusive
amount of information in the available literature, Vgt compelled to carry out
simulations with the objective of determining the istetal response of a narrowband
receiver to UWB interference at varying pulse ratssal@ishing a base upon which to
rely in the next steps of this research. The nestice details the implementation of the

simulator and the assumptions around the model.

2.5.1 Simulation of UWB Interference on a UMTS Receiver

We built a simulator to determine the impact of UWReifégrence on a UMTS
receiver. It models a pulsed UWB transmitter at the pelgetition rates of 1, 10 and 100
Mpps and its effect on a UMTS receiver located at ststnce — 1m for the results
presented herein.

The time domain analysis of the results examines magr effects of the UWB

signal on the receiver:
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* The rise in the interference power to the receiver tdua UWB
signal source in close proximity; and

* Whether the AWGN model is a valid representation efdffiect of
UWB interference on a narrowband receiver and thelitons
under which the model holds.

The simulator was implemented in the SystemView platfoby Agilent
Technologies. The block diagram of the UWB transmittatetailed in Figure 2-5, being
based upon a similar model described in [1] and [7]. Thestndter produces random
binary baseband data at one of the three physicalnehdnit rates selected for the
simulation: 1 Mpps, 10 Mpps or 100 Mpps. These data rates asestemn with those
envisaged for commercial UWB applications.

In order to minimize the spectral lines in the traittg&d signal, time dithering is
applied to the data prior to modulation. The baseband slditnered at 0% for a binary 0
and 4.5% for a binary 1. Additionally, bit position ditimgribetween 0% and 50% is
applied to smooth the power density spectrum, following domm rectangular
distribution. The uniform distribution for the bit positi dithering is accomplished via a
PN code generator with very large number of levelsréfbee, the resulting maximum
dithering is 54.5% - 4.5 % for bit value and 50% for bit positiFor values of random
dither greater than 25%, the spectrum of the signal bgfatgee shaping resembles
closely that of noise. For dithering below 25%, thedmamness becomes considerably
less evident, causing prominent line spectra in the pospectral density domain,
whereas for values greater than 50% it does not chaygécsintly [1].

There is an inverse relation between the percenthdihering and the multipath
settling time window. Since the radio channel usuallsotluces multipath, energy from
the pulse from a previous frame may spread into the subdefjame. For that reason,
100% dithering is not normally used [7]. For instance, dsystem with frame period
T =100ns (UWB signal at 10 Mpps) and 50 % dither, there iS0astime window
where there is no pulse transmission, allowing theivec to tolerate up to 15m of

multipath.
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The bit value and bit position dithering functions are rsech and applied to a
Pulse Position Modulator (PPM) operating at one of theepupetition rates (PRR)
selected for the simulation. The output of the PPM skagérain of Dirac delta functions
as described by equation (2-7). The pulse duration is ses0This pulse train is shaped
in the pulse generator block by a Gaussian filter,mit khe spectral emissions outside
the desired band. The pulse generator block also diffatestthe signal, simulating the
effect of the transmitter antenna on the UWB sigdal 93]. Figure 2-6 shows the
normalized impulse response of the Gaussian pulse-shafieg dnd Figure 2-7
illustrates the UWB pulse shape after differentiatiohe Tcaussian filter has bandwidth
of 4 GHz.

The signal power control block adjusts the transmittedBIgnal level, making
it compliant with the emission requirements for UWB ides. Figure 2-8 shows the
pulse train at the output of the power control block anguré 2-9 shows the
corresponding power spectral density. The gain of the powastrol block is adjusted
according to the pulse repetition, to maintain the posypectral density constant and

within the emissions requirements for any pulse repatitate.

Data | Binary Data
Dither |
. Pulse Generator .
Pulse Position - ) Signal Power
Modulator (PPM) ——» (Gaussian Filter/ ——|

Differentiator) Control
PN Code |
Dither

Clock

Figure 2-5 Block diagram of the time dithered bandpass ula wideband (UWB) transmitter used to
model the effect of UWB interference on the narrowbandJMTS receiver.
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Figure 2-6 Normalized impulse response of the UWB Gaussiguulse shaping filter. The pulse width
is 0.25 ns, corresponding to a bandwidth of 4 GHz.
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Figure 2-7 Normalized UWB pulse after differentiation. Thepulse width is 0.25 ns, corresponding to
a bandwidth of 4 GHz.
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UWWB Signal with Dithering and Data Modulation

250, et

-]

hn)
3
=
=8
E
ES

Systemtdew

Figure 2-8 Pulse position modulated (PPM) Gaussian monodgcpulse train with 0.5 ns pulse
duration and 200 MHz repetition rate. The data is modulatedvith 4.5 % (0.045T) dither and time
hopping with 50% dither (0.5T). The pulse peak amplitudes 1 Volt (chart created with System
View).
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Figure 2-9 Power spectrum of a Pulse position modulatg@®PM) Gaussian monocycle pulse train
with 0.5 ns pulse duration and 10 MHz repetition rate. Thedata is modulated with 4.5 % (0.045T)
dither and time hopping with 50% dither (0.5T). The pulsepeak amplitude is 1 Volt (chart created

with System View).

Figure 2-10 compares the power spectral density of thenwtied UWB signal
with the FCC and ETSI emission masks for indoor and aut¢oortable) applications.
The UWB signal produced by the transmitter used in thalafons is largely compliant
with the emission masks defined by the FCC and ETS4. signal does not comply with
the outdoor FCC mask in the 1.5~3.0 GHz band and with tis# E&sks for frequencies
below 2.3 GHz. Even though these bands coincide wittopegation bands of UMTS
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systems, the simulations will show that the excessson is not harmful. Additional
pulse shaping or filtering at RF can be used to conteoP®D to achieve full compliance
with the masks. Pulse shaping is an active area odngsand it is beyond the scope of
this work. References [10] and [12] present solutions D ontrol and pulse shaping
that could be used as part of the simulations at the sepsEradditional complexity. For
the simulations presented, the pulse width is more impbitaan the pulse shape,
because the former determines the total spectrum occoypiee UWB signal, while the
specific details of the latter are lost at basebasdha pulses are filtered and spread in
the time domain [7].

-40.0
450 +---4--""-""""""fF -
S00t+--—-4--"-"-"""""F- e
< -55.0 1
I
=
c -60.0
m <
A=A
o -65.0 1
n
o
-70.0 - —PSD (dBm/MHz)
— FCC Indoor
=== FCC Outdoor/Handheld
5.0 1 ~| ==——ETSI Indoor
====ETSI Portable
_80.0 T T T T T T
0 2000 4000 6000 8000 10000 12000 14000

Frequency (MHz)

Figure 2-10 Comparison between the UWB power spectral deitg at the output of the transmitter
and the FCC/ETSI emission masks for indoor and outdodhandheld/portable UWB devices. In this
chart, the power spectral density is expressed in dBiHz.

The implementation of the UMTS receiver used in theetdomain simulations is
presented in Figure 2-11. It follows the classic optimalSRFcorrelation receiver
architecture, with direct conversion from RF to baseb The block diagram in Figure
2-11 corresponds to the path responsible for recoverin@pédecated Physical Channel
(DPCH) data.
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The RF front-end bandpass filter is centered at 2140 MHth 60 MHz of
bandwidth, allowing all frequencies in the WCDMA FDD ddnk band, spanning from
2110 MHz to 2170 MHz, to pass through. It was implemented asita impulse
response (FIR) filter with 3018 poles, passband ripple of <dmBout of band rejection
>45 dB. Figure 2-12 shows its normalized impulse response gndeR2-13 shows its
transfer function.

The band-limited signal delivered by the frond-end fileedivided in two equal
branches by a power splitter, which feeds the In-pfiassend Quadrature (Q) paths of a
QPSK Direct Conversion Receiver (DCR).

Low pass baseband Finite Impulse Response (FIR) filighspass band between
0 and 3.84 MHz were used to eliminate undesired mixing produncisoat of band
signals. They are 2048-pole filters with a Raised Rooinéasansfer function response
and roll-off factora = 022, as illustrated in Figure 2-14. The filter’'s normalizegburise

response is shown in Figure 2-15.

B, = 384MHz

> | Threshold Bits |
Lowpass I <§§> ) I resho I
"‘ Filter Integrator Detector

UWB signal A

Bandpass Power | | OVSFciZfadmg
Filter Splitter
f2140MHz f..2140MHz

B,, =60MHz
B, = 384MHz

Q I Threshold Bits Q
Lowpass resho I
Filter Integrator Detector

Figure 2-11 UMTS receiver model used in the simulationdt follows the classic optimal QPSK
correlation receiver architecture, with direct conveision from RF to baseband.
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Marmalized Impulse R 52 of UMTS RF Bandpass Front-end Filter
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Figure 2-12 Normalized impulse response of the UMTS RFamdpass front-end filter.

The de-spreading, integration and threshold detection bliodksving the low
pass filters are used to recover the DPCH bit str&mse the simulations carried out in
this study are intended to analyze the effect of UWBriarence on the receiver, the
demodulation blocks are not utilized, i.e., the study usesignal pre-demodulator.

Transfer Function of UMTS RF Eian:lpa Frant-and Filte

'/\

2.0 |.4..+_|

Figure 2-13 Transfer function of the UMTS RF bandpass frotzend filter. The filter is centered at
2140 MHz with 60 MHz of bandwidth, passband ripple < 1dB andw of band rejection > 45 dB.
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Figure 2-14 Transfer function of the UMTS Root Raise Cose (RRC) baseband filter. The filter’s
pass band spans from 0 to 3.84 MHz, corresponding to theiplrate of UMTS.
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Figure 2-15 Normalized impulse response of the UMTS Ro&aised Cosine (RRC) baseband filter.

The validity of the narrowband models and the proper rmgpebf the
propagation of large bandwidth signals is the subject ofjoiog research
[93,94,95,96,97,98,99]. Miller [93] indicates that the use of thenga@ mean of the
lower and upper band-edge frequencies of the UWB signakirg$hmation of the path
loss allows for the proper estimation of the recep@wer, with errors smaller than 0.28
dB for relative bandwidths up to 50%. However, since timeilations presented herein
involve a narrowband receiver, the conventionalctf@f RF propagation developed for

narrowband signals were applied, as the victim recgieeceives a narrowband portion
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of the large bandwidth UWB signal. The UMTS channelt@efrequency f, = 2140

MHZ was used. The physical separation between the UMfialssource and the victim
receiver was chosen as 1 meter, resulting in thesipaee loss of 39 dB. This physical
separation assumption is based on the expected usage ofleWis in close proximity
to mobile phones. In addition to the free space lossuylapath gain component of 6 dB
was also considered, resulting in a total path loss ofiB3 The multipath margin
assumes a Rician channel where the line-of-sight jL€d®&ponent is 3 dB greater than
the multipath component. Under this assumption, the rRigding model yields a 98%
probability that the received UWB signal will be legbsin that received when only the
LOS component is assumed. It is worth noting that thengoy objectives of the
simulation can also be achieved under different propagamiodeling conditions and
UWB-UMTS separations, since the key variable affgctime outcome is the UWB pulse
repetition rate (prf). Even if the propagation environtmaffers a different loss behavior,
or if the physical separation between the UWB sounckthe victim receiver varies, the

interaction between the signals at the receivemailichange.

2.6 Simulation Results

The time domain results of simulations for UWB pulseesadf 1, 10 and 100
Mpps are presented in Figure 2-16 to Figure 2-27. The statisabalvior of the UWB
signal is represented by probability density functions)(jadid cumulative distribution
functions (cdf), assembled for each of the simulated palss and signal components (I
and Q). Those results are show in Figure 2-28 to Figure 2-3@isdussion of these

results is presented in Section 2.7.
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Figure 2-16 UWB signal at the UMTS front-end filter input. The pulse repetition rate is 1 Mpps.
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Figure 2-18 UWB signal at the UMTS front-end filter input. The pulse repetition rate is 100 Mpps.
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Figure 2-20 UMTS front-end filter response to the UWB gjnal. The pulse repetition rate is 10 Mpps.
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Figure 2-21 UMTS front-end filter response to the UWB gjnal. The pulse repetition rate is 100
Mpps.
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Figure 2-22 In-phase component of the UWB signal at UMTS redver after baseband filtering. The
pulse repetition frequency is 1 Mpps.
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Figure 2-23 In-phase component of the UWB signal at UMTS redver after baseband filtering. The
pulse repetition frequency is 10 Mpps.
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Figure 2-24 In-phase component of the UWB signal at UMTS redver after baseband filtering. The
pulse repetition frequency is 100 Mpps.
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Figure 2-25 Quadrature component of the UWB signal at UMTS reeiver after baseband filtering.
The pulse repetition frequency is 1 Mpps.
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Figure 2-26 Quadrature component of the UWB signal at UMTS reeiver after baseband filtering.
The pulse repetition frequency is 10 Mpps.
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Figure 2-27 Quadrature component of the UWB signal at UMTS reeiver after baseband filtering.
The pulse repetition frequency is 100 Mpps.
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Figure 2-28 Probability density function (pdf) of the in-phase component of the UWB interference
signal at the UMTS receiver, after IF filtering, for a puse repetition frequency (PRF) of 1 Mpps. The
dotted line represents the equivalent AWGN pdf.
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Figure 2-29 Cumulative distribution function (CDF) of the in-phase component of the UWB
interference signal at the UMTS receiver, after IF filering, for a pulse repetition frequency (PRF) of
1 Mpps. The dotted line represents the equivalent AWGNdf.
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Figure 2-30 Probability density function (pdf) of the in-phase component of the UWB interference
signal at the UMTS receiver, after IF filtering, for a puse repetition frequency (PRF) of 10 Mpps.
The dotted line represents the equivalent AWGN pdf.
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Figure 2-31 Cumulative distribution function (CDF) of the in-phase component of the UWB
interference signal at the UMTS receiver, after IF filering, for a pulse repetition frequency (PRF) of
10 Mpps. The dotted line represents the equivalent AWGINdf.
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Figure 2-32 Probability density function (pdf) of the in-phase component of the UWB interference
signal at the UMTS receiver, after IF filtering, for a puse repetition frequency (PRF) of 100 Mpps.
The dotted line represents the equivalent AWGN pdf.
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Figure 2-33 Cumulative distribution function (CDF) of the in-phase component of the UWB
interference signal at the UMTS receiver, after IF filering, for a pulse repetition frequency (PRF) of
100 Mpps. The dotted line represents the equivalent AWGINdS.
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Figure 2-35 Cumulative distribution function (CDF) of the quadrature component of the UWB
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Figure 2-36 Probability density function (pdf) of the quadiature component of the UWB interference
signal at the UMTS receiver, after IF filtering, for a puse repetition frequency (PRF) of 10 Mpps.
The dotted line represents the equivalent AWGN pdf.

1 ;

09 L QuadraturecobrF| . T

""" AWGN CDF fit

0.8 +

I
0.7 1

0.6

0.5 A

Prob (X<abscissa)

0.3 A
0.2

|

|

|

|

|

|

|

|

|

0.4 4 :
|

|

|

|

|

|

0.1 I
|

|

0 y T T T T T T T T T
-1.8E-05 -1.4E-05 -1.1E-05 -7.0E-06 -3.4E-06 0.0E+00 3.7E-06 7.3E-06 1.1E-05 1.4E-05 1.8E-05

Amplitude (V)

Figure 2-37 Cumulative distribution function (CDF) of the quadrature component of the UWB
interference signal at the UMTS receiver, after IF filering, for a pulse repetition frequency (PRF) of
10 Mpps. The dotted line represents the equivalent AWGINdf.
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Figure 2-38 Probability density function (pdf) of the quadiature component of the UWB interference
signal at the UMTS receiver, after IF filtering, for a puse repetition frequency (PRF) of 100 Mpps.
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interference signal at the UMTS receiver, after IF filering, for a pulse repetition frequency (PRF) of
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2.7 Discussion

Figure 2-16, Figure 2-17 and Figure 2-18 show the UWB signal asedcd the
input of the UMTS receiver for the pulse repetition fregues (PRF) of 1 Mpps, 10
Mpps and 100 Mpps, respectively. The difference in the ampliofidee received pulses
for each PRF is due to the compensation in the tras&milevel to keep the power
spectral density constant.

Figure 2-19, Figure 2-20 and Figure 2-21 illustrate the UMTS reateivent-end
filter response to the UWB interfering signal at thesputepetition frequencies of 1
Mpps, 10 Mpps and 100 Mpps. As previously stated, the differenttesiamplitude of
the received pulses for each PRF is due to the compmmgatihe transmission level to
maintain the power spectral density constant. Thegmrses demonstrate how the UWB
interference becomes less impulsive as the PRF seseaince the filter’'s response to
each pulse tends to overlap to that of adjacent pulsdge asate increases. This effect is
particularly evident on the filter's response to the 1GipMUWB interference.

Figure 2-22, Figure 2-23 and Figure 2-24 show the IF in-phase contpoinihe
UMTS receiver response to the UWB signal for the pudgeetition frequencies of 1
Mpps, 10 Mpps and 100 Mpps, respectively. Similarly, Figure 2-25, &ige26 and
Figure 2-27 show the IF quadrature responses for the samaéssigoth the in-phase and
guadrature waveforms for the 1Mpps signal show a distinbtivstiness, whereas the 10
Mpps and 100 Mpps waveforms suggest randomness. The IF stagptmse to the
UWB pulse train is a sequence of IF impulse responsessemtiorations are inversely
proportional to the IF bandwidth. When the pulse repatiiequency is less than the IF
bandwidth, each single impulse response settles beferedkt pulse, resulting in an
overall IF response equal to a sequence of individual impedg®nses. In this situation,
the relative timing between pulses is preserved.

When the pulse rate exceeds the IF bandwidth, the indivichpalse responses
will overlap and the resulting signal will depend on thespheelationships among the
overlapping components. If the UWB signal has no ditgerthe IF response shows
spectral lines at harmonics of the pulse repetitioqueacy, whereas if the IF center
frequency coincides with one of the harmonics, thevitidal impulse responses will be
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in phase, causing the IF response to be constante JYNB signal is dithered and the
average rate exceeds the IF bandwidth, the IF filtartput appears noise-like, tending to
a Gaussian behavior.

Figure 2-28 to Figure 2-33 illustrate the probability densityctions (pdf)
cumulative distribution functions (cdf) of the in-phasdtage component of the UWB
signal at the UMTS victim receiver, after the IFg&afor the pulse repetition frequencies
(prf) of 1 Mpps, 10 Mpps and 100 Mpps, respectively. Figure 2-34 tod-BiR9 show
the corresponding quadrature voltage component for the sgmas. The equivalent
Additive White Gaussian Noise (AWGN) pdf is also plotteceach chart, to allow for a
direct comparison against the UWB signal. These reslitsv the evident signal
departure from Gaussian statistics on the 1Mpps casewhen PRF < IF. They also
show that for PRF > IF — both the 10 Mpps and 100 Mpps, ¢imalstlosely follows a
Gaussian behavior. In all cases, the in-phase and quealraiitage components present

similar response.

2.8 Multi-band OFDM Interference on Narrowband Receivers

Multi-band Orthogonal Frequency Division Multiplexing (MBFOM) has also
been considered as viable physical layer for ultra veideélsystems. Differently from the
impulse radio, or carrierless, approach described andzadaiy the previous sections of
this study, MB-OFDM utilizes a multiplicity of simultane® narrowband sub-carriers, or
tones, to transmit information. The data rate capaniteach tone is small, but the
composite effect of many such tones (in the orderuoflleds) yields the potential for a
very high overall data rate. Additionally, multiple freqagnblocks are employed,
enabling the utilization of frequency hopping for chamagion and multiple access. The
narrowband characteristic provides for multipath fadingustness, as a fading null is
likely to affect only one tone at any given point img, allowing the cyclic prefix to
preserve the orthogonality between carriers. Thisilisesn little degradation to the
overall data rate capacity. Narrowband interferendristmess is also achieved by the

same principle.
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The effect of MB-OFDM UWB interference on narrowdareceivers has been
investigated and detailed studies are available in theatitre. References [118,120]
derive exact bit error rate (BER) formulae for a BP8&rowband receiver in the
presence of MB-OFDM UWB interference and fading, shgwthat the Gaussian
approximation is very accurate for arbitrary narrowbaignal bandwidths. Simulations
presented in Reference [119] show that MB-OFDM UWB fatence on a narrowband
receiver closely follows the Additive White Gaussianisé (AWGN) behavior for a MB-
OFDM signal hopping over three bands, which is the mimnmandatory configuration
specified for UWB devices using MB-OFDM.

2.9 Summary

This chapter focused on describing the generic mathexhatiodel of the UWB
signal and on determining its power spectral density (P$B9 power spectral density
measures the average power per Hz as a function ofréhaehcy. The expressions
derived in Section 2.2 show that the PSD of the UWBasigenerally has a continuous
and a discrete component. Depending on the pulse shape, tiaodalad dithering
properties of the UWB signal, both components will vand the PSD will present a
different aspect.

In addition, we determined that the amount of interfegecaused by an UWB
signal on a narrowband system depends primarily on théwsdth of the intermediate
frequency (IF) stage of the victim receiver, as tloathend stage generally offers a much
wider passband. The resulting interference is the consegus the convolution of the
UWB interfering signal with the impulse response of thetim receiver’'s IF stage
passband filter. In the frequency domain that result lmarepresented as the linear
product between the spectrum of the UWB interfering signdlthe IF stage’s passband
transfer function.

The effects of UWB interference on a narrowband ivecewere investigated
through simulations performed using a test setup. The sehgstanl of a dithered UWB
signal source transmitting at pulse repletion frequendiek Mpps, 10 Mpps and 100
Mpps, with power spectral density emissions partially gi@mt with both the FCC and
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ETSI emissions masks. The victim receiver consisted OMTS receiver operating at
the center frequency of 2140 MHz, in compliance with the-assigned bands for
UMTS systems. The intermediate frequency (IF) bandvaditine UMTS victim receiver
is 3.84 MHz. The interference analysis used the signdl pata UMTS Dedicated
Physical Channel (DPCH), which employs QPSK modulatidre simulations assumed
a physical separation of 1 meter between the UWBference source and the victim
receiver, to model the expected typical situation wlaer& WB device would be near an
UMTS portable phone.

The simulations show that when the UWB pulse repetitiequency (prf) is lower
than the victim receiver's IF bandwidth, the inteefeze does not follow Gaussian
statistics. Conversely, when the pulse repetition frequexceeds the IF bandwidth, the
interference presents a Gaussian behavior. Theretorder these conditions, UWB
interference can be modeled as Additive White Gauss@seNAWGN). These results,
produced by means of detailed simulations, are in agreemignthose presented in the
literature [7,89], adding confidence to their validity ankbvaihg their use in the next
phases of this study.
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Chapter 3
UWB Interference on UMTS: Cell Level Analysis

3.1 Introduction

This chapter presents an analysis of the effect cfingle source of UWB
interference on UMTS receivers. The analysis isri@@drout assuming a single-cell
UMTS environment. The single source, single cell seenallows for a clear
understanding of the way a UWB interference source impaf¥iTS receivers,
corresponding to the building block that contributes to ititerference effects in a
network. Following the approach of link budget models, thalygis produces a first
order quantitative estimate of the effects of UWB dvT$. When properly scaled, this
analysis supports the characterization of the impadd/\WB on UMTS at the system

level.

3.2 The Effects of Interference in the UMTS Radio Link

UMTS is based on spread spectrum techniques, employing witlebae division
multiple access (WCDMA) with a RF bandwidth of 5 MHz.eT$ystem uses orthogonal
spreading codes at a chip rate equal to 3.84 Mcps to distindaishsequences from
different users. In addition, scrambling sequences aretaselibw the differentiation of
terminals at the base station and vice-versa. Altsushare the same center frequency
and bandwidth, making the total amount of intra-systeterference (noise level)
variable and a function of the number of active us&ram a radio link budget
perspective, the varying interference level impliesiaide link performance, which in
turn suggests variable coverage. Therefore, the UMTISarge is not fixed. It is rather
described by a distribution function whose instantanealige depends on the sum of the
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received powers at the site. Since the aggregate rdqadveer is directly proportional to

the number of simultaneous users, the cell range isadlsoted by the instantaneous
traffic. Furthermore, UMTS offers multiple voice and alaervices, each imposing a
different network load and requiring different link budgetsistiaffecting the cell ranges
and their distribution in a different manner. The qumatiion of the effects of a

coexisting system - UWB in this case, on a UMTS ekyw must consider the

interdependency of coverage and capacity. It must alsouatdor the service mix

supported by the network and the influence it has on Qdtis. chapter investigates the
impact of UWB interference on the UMTS cell rangev@rage), while the impact on
capacity is deferred to the next chapter.

3.2.1 The UWB Interference Model

The total noise power at a UMTS base station receigpends on the receiver’s
noise figure and the interference power contributioomfthe uplinks of the active users
in that cell. It also depends on the interference pawatribution from other cells’ active
users — both their downlink and uplink. Thead factor, or cell load quantifies the
amount of interference, or load, a cell experiencea asiction of the number of users

and other system characteristics. For the uplink,ahe factor §,, ) is defined as [101]

N
Ny = @+ i)z 1W : Equation 3-1
=1

+
(Eb/No)j R;u;

where:

i : Ratio of other cell to own cell interference;
N : Number of active users;
W : UMTS carrier bandwidth;

R;: Bit rate of userj ;

(E,/N,); : Energy per user bit per noise spectral densityiger j ; and
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v, . activity factor of userj .

Similarly, the downlink load factorr(, ) can be defined as [101]

N
END |
Mo = JZ:;,U,- W[(l_aj )+ I ] Equation 3-2

where a; represents the orthogonality factor of the downlink agireg codes, varying

from O (no orthogonality) to 1 (complete orthogonalitlyr). the absence of multipath
propagation, the orthogonality is preserved when the Isign@ceived by the mobile.

However, in the presence of multipath, the radio cHadely spread may cause the
mobile receiver to detect the delayed versions of signal as multiple access
interference. When this happens the orthogonalitgnspromised.

The simulation results presented in Chapter 2 show tWéB ihterference on a
narrowband receiver can be modeled as additive whitesiaausoise (AWGN) if the
UWB pulse repetition frequency (prf) is greater than tiotinv receiver’s intermediate
frequency (IF) bandwidth. When a UMTS receiver is suljedJWB interference from
one or multiple sources, the aggregate interference p@mleappear to the victim
receiver amoise rise contributing to the noise power at the receiver. Wtree UWB
interference is much smaller than the receiver npeer, the degradation is negligible.
Generically, the noise rise is defined as the ratithe total received wideband power

(1;) to the noise powerR;)

N =

| _
fise — - Equation 3-3
I:)N

In the uplink, the noise rise is related to the loadofaby Equation 3-4 [100].

When 77, increases and approaches 1, the noise rise approafihies amd the system

reaches itpole capacity
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rise

N, =——
1_,7UL

Equation 3-4

The load factor ties coverage and capacity in UMNg&rference sources external
to the UMTS network, such as UWB, will be perceiasinoise rise and directly affect
the load factor. The greater the noise rise, tighdmni is the load factor, implying that
UWB interference to a UMTS cell will directly affedts coverage and traffic-serving
capacity. Therefore, the UWB interference can lbofed in the UMTS uplink radio link
budget as an interference margin, allowing forrst forder estimation of its impact in

coverage and capacity.

3.2.2 Single-Source UWB Interference on UMTS Cells

Few references in the available literature offepacific detailed treatment of the
single-source interference scenario, particulanyregards to the UWB interference
source-UMTS victim receiver physical separation #edmpact on cell range analysis.
One can argue that the topic has little absolueaace, because the situation is unlikely
and unrealistic, so a detailed study does not offech insight into the overall problem.
However, in the context of this research, the sisglurce model grows in importance,
because it is used as a building block to the sys#eel interference analysis discussed
in Chapter 4. Reference [37] performs simulationsha 900 MHz (GSM) and 2GHz
(UMTS) bands, but presents results for worst-cas@aios. In that study the effects of
the radio channel are ignored, i.e., path lossnamitipath are not considered, making the
UWB interference much more pronounced than it digtisg thus limiting the value of
the results. In [42], the interference limit fosiagle UWB-UMTS link is calculated, but
no cell range analysis is developed, as that stodys on an indoor interference
simulation investigation. In [7], a single souramgle cell range analysis is presented,
but the study is limited to a single UMTS servidass. Reference [116] presents the
results for a laboratory UWB-UMTS interference tdstthat study, a UWB signal was
applied to a UMTS mobile phone via a variable at&tar and the BER of the UMTS

48



downlink was measured as the UWB signal attenuation cahgehe same setup, the
noise rise was also measured. Both measurements caalusble as a link quality
estimator, but cannot be readily mapped to cell rangeatateor UWB-UMTS physical
separation. In this study, we develop a detailed singlezspwingle-cell interference
model aimed at allowing for the determination of theiatmn of the cell range as a
function of the physical separation between the UWBriarence source and the UMTS
victim receiver. The model addresses both the UMTS tiokvand uplink.

3.3 Considerations on UWB Propagation Modeling

Conventional path loss modeling based on the Friistnasion formula has been
derived for narrowband channels, where the changesineiteived power over the signal
bandwidth is negligible [110,111,121]. The frequency dependencyainfoinmulation
comes from the relation between the gain of thersaig and their effective aperture,
implying that for constant gain antennas, the recesigioll will vary as a function of the
frequency [121]. Since UWB signals can occupy several ectaw even decade
bandwidths, if the transmit and receive antennas dopredent constant gain over the
band, the Friis transmission formula can yield miskegqdiesults. In this research, we
adopt the constant gain assumption, therefore allowinght use of path loss modeling
based on the Friis transmission formula for UWB propaganodeling. In the analyses
carried out in this work, the portion of the total UVEBnal bandwidth of relevance to
the victim receiver is very small, equating to thentie bandwidth of the interfered
system. Thus, for the purpose of the studies discussead,htdreiUWB signal can be
treated as narrowband, with no practical impact toritfee of the results. Nevertheless,
the compensation of the model for antennas with eobstaperture can be
straightforwardly achieved, as indicated in [121], shouldesfit assumptions be

required.
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Conventionally, the received signal in a mobile raldi& is estimated using path
loss models of the form [109]

P(d)=F (do)[%j , Equation 3-5

where d is a reference distance; is an arbitrary path loss exponent &n@l, is the

received power at the reference distance, in theieflgr-b6f the transmitting antenna.
Reference [121] presents a theoretical dissection ofHiiie transmission formula,

supported by detailed UWB large- and small-scale propagatasurements. That study
shows that while the antennas may introduce frequenpgndency to the received
power, the channel does not. Therefore, the traditjpeth loss model given in equation
3-5is valid for UWB path loss calculations.

In the scenarios considered in this research, thd3 iMérferer can be in close
proximity to the 3G victim receiver, at separationssagll as 1 m or less, implying
proximity between the transmit and receive antennashied in the link. This invites
scrutiny of the validity of the antenna radiation projesrat such separation distances.

The space surrounding an antenna can be subdivided intorégiens: the reactive
near-field, the radiating near-field (Fresnel) and #nefield (Fraunhofer) regions. These
regions identify the field structure in each, but no abrogpaéinges in the field
configurations, in the transition between them anedaoThe reactive near-field region is
the portion of the near-field region immediately surrongdihe antenna, wherein the
reactive field predominates. The radiating near-fieldi-r@snel field is the region of the
field of an antenna between the reactive near-fielgion and the far-field region,
wherein radiation fields predominate and wherein the angfld distribution is
dependent upon the distance from the antenna. The lthrdiso known agraunhofer
region, is the region of the field of an antenna where thgukan field distribution is
essentially independent of the distance from the aatfi#2?]. Propagation models based
on the Friis transmission formula are valid for disesd in the far-field of the
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transmitting antenna. ThEraunhofer distancedemarcates the boundary between the
radiating near-field and the far-field, being given by [122]

_2D?

d
o

, Equation 3-6

where D is the largest physical linear dimension of théeana. d, must satisfy the
condition d, >> D. Figure 3-1 plots the far-field distance as a fiamctof the largest

linear dimension of the antenna for different frelgeies around the band utilized for 3G
wireless networks. It is apparent from the chaat tihe far-field distance is less than 10
cm, or 0.1 m, for antennas with linear distanceenngpproximately 9 cm. The form
factor of most third-generation wireless devicesosals the antenna in the device’s case,
forcing the physical dimension of the antenna tovbey small, usually under 3 cm.
Similar physical dimensions apply to the radiatglgment in UWB devices, which in
many applications use patch antennas. Therefoeeydb of the far-field distance of 0.1m
as the reference distance complies with the camditfor the validity of the propagation
model described in equation 3-5.
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Figure 3-1 Far-field, or Fraunhofer distance, as a functiorof the physical linear dimension of the
antenna.
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3.4 The UWB-UMTS Single-Source, Single-Cell Model

The study and results presented herein are based on linkt barggses, on
which the noise rise, sometimes also referred tintasference margin, is used as the
entry point for factoring in the UWB interference. igimodel, albeit conceptually
simple, provides a straightforward methodology for theglsisource interference
analysis. The different services supported in UMTS halgtinct link budget

requirements, since the bit rate, /N, and processing gain vary for each service. The

analyses presented in this work consider three seiyies — speech, real time data and
non-real time data, simulated in different environmeassdescribed:

1. Vehicular speech, macrocell: models voice serviceagushe AMR
(Adaptive Modulation Rate) vocoder with bit rate equal202 Kbps in an
in-car scenario. This test case simulates mobilesusélizing UMTS
voice services while in transit, for example, on@vimg train.

2. Outdoor speech, microcell: this scenario models vs@w®ice using the
AMR vocoder with bit rate equal to 12.2 Kbps in an outdomirenment.
This test case simulates mobile users utilizing UMTBevservices while
outdoors, for example, standing or walking on a strepadk.

3. Indoor speech, macrocell: this scenario models ve@®ice using the
AMR vocoder with bit rate equal to 12.2 Kbps in an indoorirenment.
This test case simulates mobile users utilizing UMTBevservices while
indoors, for example, standing or walking inside an oféceresidential
building.

4. Vehicular real time data, macrocell: models rea¢ tancuit switched data
(CSD) at 144 Kbps in an in-car scenario. This test casalates mobile
users utilizing UMTS data services while in transity &xample, on a
moving train.

5. Outdoor real time data, microcell: models real tinneut switched data
(CSD) at 144 Kbps in an outdoor environment. The UMT&iteal is
served by a microcell and there is line-of-sight betwdahe UWB
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interference source and the victim receiver. Thid sse simulates
mobile users utilizing UMTS data services while outdodws,example,
standing or walking on a street or park.

6. Vehicular non-real time data, macrocell: models reah-time packet
switched data (PSD) at 384 Kbps in an in-car scenarie fEiSt case
simulates mobile users using UMTS data services whiléransit, for
example, on a moving train.

7. Outdoor non-real time data, microcell: models noh-téae circuit
switched data (PSD) at 384 Kbps in an outdoor environnidms. test
case simulates mobile users utilizing UMTS data serwdele outdoors,
for example, standing or walking on a street or park.

All the test cases presume the UWB interference sowrdeve line-of-sight to
the UMTS victim receiver. This is the situation exjeecin the majority of cases where
interference between UWB and UMTS may occur. UWBXxseeted to find applications
primarily in portable devices, which would be in clos®xmity to UMTS portable
phones and data devices.

3.4.1 Downlink Model

The path loss between the UWB device and the UMTSwerce/as calculated
using the free space propagation model. No lognormal fadargims were considered.
The penetration losses used in the modeling are listédbfe 3-1 [101]. They apply to
the UMTS link budgets only, i.e., between base stadimh mobile terminal. The UMTS
mobile terminal link budget parameters common to alhaces are summarized in Table
3-2 [102] and the UMTS base station parameters are listEahle 3-3 [102].

Table 3-1 Penetration losses assumed in the UMTS link #get analysis

UMTS victim receiver location UWSB interferer location UMTS Penetration Loss
Outdoor Outdoor 0

In-car In-car 8

Indoor Indoor 15
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Table 3-2 UMTS mobile terminal parameters assumed in think budget analysis

Parameter Voice Terminal Data terminal
Maximum Transmission Power 21 dBm 24 dBm

Antenna gain 0 dBi omnidirectional 0 dBi omnidirectional
Noise Figure 9dB 9dB

Body shielding loss 3dB 0dB

Table 3-3 UMTS base station parameters assumed in the lilbudget analysis

Parameter Macrocell Microcell

Maximum TX Power (TCH) 30 dBm 20 dBm

Cable loss 2.0dB 2.0dB

Antenna Gain 17 dBi sectorized 11 dBi omnidirectional
System noise figure 5.0dB 5.0dB

The UWB interference source was modeled as a genera witleband device,
generating AWGN-like interference. This generic approzan be applied to any UWB
technology, since the bandwidth of interest for thalyams of UMTS interference is
small compared to that of the UWB signal. The UWRsnaitter power was calculated
to provide compliance with the power spectral density D)P®missions masks
determined by the FCC for outdoor and indoor applicatiassllustrated in Figure 2-10
[5]. The frequency bands designated for UMTS FDD (Frequédgision Duplex)
operation are listed in Table 3-4 [103]. Band | UTRA AbsslRadio Frequency
Channel Number (UARFCN) 10638, corresponding to the cerdgguéncy 2127.6 MHz,
was used in the downlink simulations. UARFCN 9688, correspgnth the center
frequency 1937.6 MHz, was used in the uplink. Variations irrékalts due to the use of
other channels are expected to be small and due prirt@rilye differences in the path
loss between the UWB interferer and the UMTS victeneiver. Each UMTS channel
has 5 MHz of bandwidth. For the simulations presentédisnstudy, the IF (Intermediate
Frequency) receiver bandwidth was set to 4.096 MHZ, as ndesd in [102].

Considering the UWB transmitter in compliance with #@C power spectral density
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emissions masks for indoor and outdoor operation, the agoivUWB power levels in

the UMTS receiver bandwidth were calculated by equa8e) (

PUWBIFUMTS = PSQJWBFCC +10|Og B\NIFUMTS ’ Equation 3-7

where:
P : Power of the UWB signal in the UMTS receiver’'seimhediate frequency

UWBIF umTs *

bandwidth
PSDjwe. . : FCC power spectral density emission limit for the B'¢ignal; and
By, .. - Intermediate frequency (IF) bandwidth of the UMTS neare

The results are summarized in Table 3-5.

Table 3-4 UMTS frequency bands allocated for FDD (FrequerncDivision Duplex).

Band Uplink (MHz) Downlink (MHz)
I 1920 - 1980 2110 - 2170

Il 1850 - 1910 1930 - 1990

1 1710 - 1785 1805 - 1880
v 1710 - 1755 2110 - 2155
\Y 824 — 849 869 — 894

\ 830 — 840 875 - 885

Table 3-5 UWB transmitter power levels in the UMTS recaier’s intermediate frequency (IF)

bandwidth
Environment | FCC PSD UMTS IF UWB Transmitter Power
(dBm/MHz) | Bandwidth (MHz) (dBm)
Indoor -51.3 4.096 -45.2
Outdoor -61.3 4.096 -55.2
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The calculation of the path loss between the UWBriatence source and the
UMTS receiver assumed free-space condition and linggbt-between the transmitter

and the receiver. The path loss was calculated usirfgriitbeequation

Lyws = 3244+ 20logd + 20log f , Equation 3-8

where:
L,ws: Path loss, in dB;

d : Distance separating the UWB transmitter and the UNEC®iver, in Km; and

f : Frequency of the UWB interference signal, in MHz.

The UWB signal level at the UMTS victim receivePy(,,;) can be calculated

using the expression

Pruws = PUWapums ~ Luwe- Equation 3-9

The UWB interference on the UMTS receiver has ffeceof adding to the noise power
perceived by the demodulator following the intermediatguency (IF) stage. Therefore,
the UWB noise contribution must be included in the conmutaof the UMTS receiver
sensitivity. The UMTS receiver noise power, in dBsngalculated by

Py, (dBm) =10log(KTB) +30+F , Equation 3-10

where:

Py, - RECEIVEr noise power in dBm;

K : Boltzmann constant,.38x10* J/K;
T : Noise temperature, in degrees Kelvin (in this kydhe noise temperature used was
290 K);
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B: Noise bandwidth, in Hz (for the analysis of noisevpoin the UMTS receiver the

bandwidth considered was that of the intermediate frequgifitter - B, ); and

F : System noise figure, in dB.

The UMTS receiver sensitivity, accounting for theeeffof the desensitization
caused by the UWB interference signal, the spread spegimoicessing gain and signal-

to-noise ratio requirement, can be computed as

_ P, /10 0|og(lO(F7\1UMTS+N”Se UMTS)/m_lOPNUMTS/m) P /10 _ E
P.» =10log@1 0" +10" +107= ) =Gy + TN,

Equation 3-11
where:
P... \UMTS receiver sensitivity, in dBm,;
Py, - UMTS receiver noise power, in dBm;
N s - NOISE rise caused by UMTS users, in dB;

Prows : UWB signal level at the UMTS victim receiver, in w83

G .

p*

10log(W/R) , with W being the chip rate an the user bit rate); and

Spread spectrum processing gain, in dB (the processing igadefined as

E%l : Signal energy per bit divided by noise spectesisity, in dB.

The value of E%l depends on the UMTS type of service under coresiber,

depending primarily on the user data rate. Theeghpplied in this study are shown in

Table 3-6 for each UMTS service and cell type.
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Table 3-6 Eb/N0 requirements for the service types considered in theimulations

Service Cell type E,/N, (dB)
Voice Macrocell - Vehicular 7.9

Voice Microcell/Macrocell - Indoor| 6.1
Circuit Switched Data (CSD) — 144 Kbps Macrocell - Vehicula 2.5

Circuit Switched Data (CSD) — 144 Kbps Microcell 1.9
Packet Switched Data (PSD) — 384 Kbps Macrocell - Vehicular 15

Packet Switched Data (PSD) — 384 Kbps  Microcell 1.0

The reduced sensitivity of the UMTS receiver due to UinBrference will
be apparent in the cell range. In the downlink, a UWE&rfarence source in close
proximity to a mobile terminal can result in an irage in the noise rise, affecting the
receiver’s ability to detect the serving cell's signehe stronger the UWB interference,
the lower the UMTS receiver sensitivity, which inggli reduced cell range. The
maximum path loss between the UMTS base station amrdntbbile terminal is
determined by
+G, —M_, Equation 3-12

min

Lumrs = Pr.. +GATX,BS -P Au
where:

Lyurs: Maximum path loss between the UMTS base stationtla@dnobile terminal, in
dB;

P..: UMTS base station transmitter power, in dBm (tredfir channel (TCH) power
was used in the analysis);

G, .. "UMTS base station transmission antenna gain, in ttiB bore sight gain was

Arx,
considered in the analysis);
P..: UMTS receiver sensitivity, in dBm, as defined by egqua(3-9);

G,, : Mobile terminal antenna gain, in dB; and

M . : Fast fading margin, in dB.
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This marginM . is applied in the link budget analysis of slow moving resbiwhere

the UMTS closed loop power control is able to effedyivcompensate for fast fading.
Reference [106] presents a comprehensive study of thet efféast fading on the UMTS
power control.

The maximum propagation loss is determined by consideddgi@nal loss and gain
factors that affect the radio link. The lognormal fadiror shadowing fading, is
considered as a margin factor, to provide the desireddeot level in the maximum
cell range. In this study, & =10dB [102] lognormal fading margin was applied to all
scenarios. The signal penetration loss is also caesidéo account for in-car and in-
building losses, depending on the link budget scenario. TRenona propagation loss is
computed as

LUMTSmaX =Lljwrs 0~ |-p . Equation 3-13

where:

Lours,, - Maximum UMTS propagation loss, in dB;

Lyurs: Maximum path loss between the UMTS base stationtla@dnobile terminal, in

dB, as defined by equation (3-9);
o : Lognormal fading margin, in dB; and

Lp: Penetration loss, in dB.

The maximum cell range can be computed using the Hataieahpropagation
model [107,108,109,110,111]. This model is computationally straigvdfol; while
providing realistic results, being one of the most wideted propagation models for
signal prediction in urban areas [109]. Other suitable prajegaodels such as the Lee
and the Walfisch-lkegami models can be applied as wdlerBnces in the maximum
range results may occur, but the trend in the behatitreccell range as a function of the
UWB interference is similar. The Hata equation fag gath loss of an urban macro cell
with base station antenna height of 15 m, mobile aatdreight of 1.5m and carrier
frequency of 1950 MHz is [111]
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L =1374+35.2log(R), Equation 3-14

where:
L : Path loss, in dB; and
R: Distance between the UMTS base station and thmlen@ceiver, in Km.

For suburban areas, a correction factor of 8 dipied to Equation 3-11 to compensate
for the lower attenuation in the environment. Hog base station antenna height of 30 m,
mobile antenna height of 1.5 m and carrier frequesfc1950 MHz, the Hata path loss

equation for suburban macro cells becomes [111]

L =1294+35.2log(R) Equation 3-15

The maximum cell range for urban and suburban enmients can be determined by

applying Equation 3-11 to Equations 3-12 and 3ré&8pectively.

3.4.2 Discussion of Downlink Results

Figure 3-2 and Figure 3-3 illustrate the maximuM™TE downlink cell range as
a function of the separation between the UWB isterice source and the UMTS victim
receiver for the seven service classes describettiopsly. Figure 3-2 shows the
maximum UMTS cell range in an urban propagationrenment and Figure 3-3 shows
the equivalent for a suburban environment. Bothtshdemonstrate that the cell range
can be significantly affected by UWB interferencéen the UWB device is near the
UMTS victim receiver, particularly when the sepamatis less than 5 m. The most
critical scenario, as expected, is that of a UWRiadeco-located with the UMTS mobile,
when the cell range is the shortest for all serelesses. Furthermore, both charts show
that when the separation exceeds 5m, the rangenbaesiffer any further degradation,
becoming independent of the separation betweenUW& device and the UMTS
receiver. The curves presented in both chartscteffee total interference at the UMTS
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receiver, i.e., the combination of the UWB noiserand the UMTS internal noise rise.
As the separation increases, the UWB interferensgetes, but the UMTS interference
remains constant. Therefore, the UWB contributionthie total interference declines,
having negligible effect on the cell range. For the ardecenario depicted in both charts,
the cell range is more affected by the separationdeithe UWB device and the UMTS
victim, because of the 10 dB of additional power allowed VB devices operating
indoors, according to the FCC emissions masks.

—&— Vehicular Speech - Macrocell
—— Vehicular Data - Macrocell
-{| —&— Vehicular HS Data - Macrocell

Indoor Speech - Macrocell
—¥— Outdoor Speech -Microcell
-{| —@—Outdoor Data - Microcell

UMTS Cell Range (Km)

—+—Outdoor HS Data - Microcell

5
UWB-UMTS Separation (m)

Figure 3-2 Urban UMTS maximum cell range as a function of tb separation between the UWB
interference source and the UMTS victim receiver. T model assumes line-of-sight between the
UWSB interferer and the UMTS victim receiver.

3.0

—4&— Vehicular Speech - Macrocell
—— Vehicular Data - Macrocell
—#— Vehicular HS Data - Macrocell
Indoor Speech - Macrocell
—k— Outdoor Speech -Microcell
—®@— QOutdoor Data - Microcell
—+— Outdoor HS Data - Microcell

UMTS Cell Range (Km)

5
UWB-UMTS Separation (m)

Figure 3-3 Suburban UMTS maximum cell range as a function ahe separation between the UWB
interference source and the UMTS victim receiver. Th model assumes line-of-sight between the
UWSB interferer and the UMTS victim receiver.
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3.4.3 Uplink Model

The UWB interference in the UMTS uplink can be moddiaded on the
same principles proposed for the downlink. In this cdse UMTS base station receiver
is subject to the UWB interference. The UMTS basati®t antenna is generally
positioned at greater heights than the UWB devicese ey are installed on towers. In
turn, UWB devices are expected to be portable devi¢edy lio be at heights similar to
those of mobile phones. Because of this height difeerethe uplink interference model
must account for the minimum coupling loss (MCL) .The imimm coupling loss
represents the minimum path loss between the UWB samdtdhe UMTS base station
receiving antenna, due to their different antenna heidWibreover, the UMTS receiving
antenna generally presents narrow elevation beamwildghyirtue of the intended
directional radiation pattern. The antenna gain atefbegation angle where the UWB
interference source is located must also be consider¢dei interference model. The
geometry for the modeling of the uplink interference espnted in Figure 3-4. Table 3-7
shows the base station and mobile antenna heighimedsin the study for the different
combinations of propagation environment and cell type.

UMTS base station

bs UWB interferer

a/\

.
u* i hUW B
y
L

d

UMTS-UWB

Figure 3-4 Geometry for the modeling of UWB interferencen the UMTS uplink. The gain of the
UMTS base station receive antenna is determined by itssance to the UWB interference source.
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Table 3-7 Antenna heights above ground level (AGL) assuméd the analysis of UWB interference
on the UMTS uplink.

Environment Base Station UWB Antenna Height (m)
Antenna Height (m)

Urban - Macrocell 30 15
Suburban - Macrocell 30 15
Urban - Microcell 6 15

Suburban - Microcell 6 15

In the calculation of the UWB interference to a UMBb&se station, the height of
the base station antenna (radiation center above drwel) represents a significant
portion of the total separation distance. Hence, Eaagon angle from the UWB device
to the UMTS receiving antenna bore sight is high, cgushe antenna gain to be
substantially lower than the bore sight nominal valliee vertical gain as a function of
the elevation angle&) of a typical directional UMTS antenna is illustraiedrigure 3-5.
The data plotted in the chart is for Andrew Corporaticemitenna model UMW-06517-
2DH [112]. This antenna has 65 °© of horizontal beamwidth4of vertical beamwidth.
The nominal gain is 17.5 dBi at bore sight, with two degrefeelectrical downtilt and
operation band ranging from 1920 MHz to 2170 MHz. Figure 3-6 #testrthe vertical
pattern of a typical omni directional antenna for a T8 microcell. The pattern
corresponds to Andrew’s DB909E-U. The antenna has 7 enital beamwidth and
nominal gain of 11 dBi at bore sight. The operation banges from 1920 MHz to 2170
MHz.
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Antenna Gain (dBi)
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Figure 3-5 Vertical gain of a typical UMTS directional antennaas a function of the elevation angle.

The data is for Andrew Corporation’s antenna model UMW06517-2DH. The antenna has 65 ° of

horizontal beamwidth and 4 °of vertical beamwidth. The nminal gain is 17.5 dBi at bore sight, with
two degrees of electrical downtilt and operation band raging from 1920 MHz to 2170 MHz.
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Figure 3-6 Vertical gain of a typical UMTS microcell omni drectional antenna as a function of the
elevation angle. The data is for Andrew Corporation’s antena model DB 909E-U. The antenna 4 °of
vertical beamwidth and nominal gain of 11 dBi at bore sightThe operation band ranges from 1920

MHz to 2170 MHz.

Equation 3-7 can be modified to include the UMTS baseostaéiceive antenna gain, to
properly model the uplink:
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Proweu = Rowg.yre ~ Luwe T Ga,, (), Equation 3-16

where:

Prowsy - UWB signal level at the UMTS base station victeaeiver, in dBm;
Riweruns - POwer of the UWB signal in the UMTS receiver’s thamdth, in dBm;
L,we: Path loss, in dB (the free space model described bytiequ@-6) was used to

determine the path loss between the UWB device andNHES victim base station); and

Gy, . ()1 UMTS base station receiving antenna gain as a amaf the elevation

angle, in dB.

The base station receiver sensitivity can be debeahiby

_ P /10 0|og(1o(PNUMTs+NriseUMTS)/m_lOPNUMTs/m) P /10y E
P.n =10log@ 0" +10" +10 ) =G+ L

Equation 3-17

where:
P..: UMTS receiver sensitivity, in dBm;

P

NUMT

N s - NOISE rise caused by UMTS users, in dB;

.- UMTS receiver noise power, in dBm;

Pruwsy - UWB signal level at the UMTS base station victeaeiver, in dBm;

G,: Spread spectrum processing gain, in dB (the processing igadtefined as

10log(W/R) , with W being the chip rate an the user bit rate); and

E%l : Signal energy per bit divided by noise specteaisity, in dB.

The value of E%l depends on the UMTS type of service under congidera

fluctuating primarily with the user data rate. Naues applied in this study are shown in

Table 3-6 for each UMTS service and cell type.
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Similarly to the downlink analysis, the maximum UMTBlink path loss can

be computed by

LUMTSU = PTM + C;,«xMBS - Pmm + GAM -M E Equation 3-18

where:

Lunrsy - Uplink maximum path loss (between the mobile termarad the UMTS base

station), in dB;

P, : Mobile terminal transmission power, in dBm. Theffitachannel (TCH) power was

used in the analysis;

Ga, ... UMTS base station receiving antenna gain, in dB. Bheesight gain was

considered in the analysis;
P..: UMTS bas station receiver sensitivity, in dBmgda@ned by equation (3-15);

G,, : Mobile terminal antenna gain, in dB; and

M . : Fast fading margin, in dB.

The fast fading margin is applied in the link budget analgislow moving mobiles,
where the UMTS closed loop power control is able fecéfely compensate for fast
fading. Reference [106] presents a comprehensive studg efffdct of fast fading on the
UMTS power control.

The maximum uplink propagation loss is determined by comsgl@dditional loss
and gain factors that affect the radio link. The lograrfading, or shadowing fading, is
considered as a margin factor, to provide the desireddeot level in the maximum
cell range. In this study, & =10dB [102] lognormal fading margin was applied to all
scenarios. The signal penetration loss is also caesidéo account for in-car and in-
building losses, depending on the link budget scenario. TRenona propagation loss is

computed as

L =Lywrg, —0 L, Equation 3-19

UMTSa,
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where:

LUMTSWU : Maximum uplink UMTS propagation loss, in dB;

Luurs, @ Uplink maximum path loss (between the mobile termaved the UMTS base

station), in dB;
o : Lognormal fading margin, in dB; and

Lp: Penetration loss, in dB.

The Hata empirical propagation model, described by EquaBels and 3-13 for urban
and suburban environments, respectively, was used iredti@ation of the maximum
uplink cell range. The analysis assumed the base statidnmobile antenna heights
shown in Table 3-7.

3.4.4 Discussion of Uplink Results

The path loss between the UWB interferer and thanvitIMTS base station
receiver is plotted in Figure 3-7 for the base statioterara heights of 30 and 6 m,
corresponding to the macrocell and microcell casepeotisely. The chart shows that
for a separation of zero meters, i.e., when the U¥gface is positioned underneath the
base station antenna, the path loss is equal to 51.3rdBrfucrocell and 67.3 dB for a
macrocell. This initial path loss is hamed minimum cimgploss (MCL) and is due to the
difference in the height of the UMTS base station #rd UWB antennas. This initial
loss, in conjunction with the elevation gain of tlesé station receive antenna, make the
UWB interference in the uplink inconsequential. The llefeUWB interference at the
UMTS victim receiver is far below the receiver sgwvisy of a typical UMTS base
station receiver, as shown in Figure 3-8 for an outdd&BUlevice. The chart shows the
variation in the received UWB interference at the TB®/base station receiver, as a
function of the separation between the UWB device Aadbaise station, for an outdoor
UWB device. In a vehicular or indoor scenario, additi@teenuation of the UWB signal
would be factored in, further reducing its impact on thetinsi UMTS receiver. The

UMTS receiver sensitivity varies depending on the taste, ranging from —121.9 dBm
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for the microcell outdoor speech service class to —111.5 d®Bnthe macrocell vehicular
non-real time data scenario. The UWB signal receivethe base station, as shown in

Figure 3-8, causes negligible noise rise, having insignffic@pact on the uplink cell

range.
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Figure 3-7 UWB uplink signal path loss as function of theeparation between the UWB interferer
and the UMTS base station receive antenna. The base statiantenna height of 30 m corresponds to
a macrocell, whereas the height of 6m corresponds to a enocell.
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Figure 3-8 UWB uplink signal power at the UMTS victim recéver, as a function of the separation
between the UWB interferer and the UMTS base station i@iver antenna. Both plots refer to an
outdoor UWB device. The macrocell plot corresponds ta UMTS antenna height of 30 m, whereas

the microcell plot corresponds to an antenna height & m.
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3.5 Summary

This chapter focused on investigating the effect of nglesi UWB interference
source on a UMTS receiver. The study concentrated ewsitigle cell, single user case,
l.e., a stand-alone UMTS cell serving one user. Tlaysin was carried out for seven
different classes of UMTS service: vehicular speecl@crocell, outdoor speech;
microcell, indoor speech; macrocell, vehicular realetidata; macrocell, outdoor real
time data; microcell, vehicular non-real time datarmeell and outdoor non-real time
data; microcell. The speech services assumed a datafraBe?2 Kbps, whereas the real
time data used 144 Kbps and the non-real time data consigddtbps.

A methodology for the estimation of the impact of the/B interference on the
UMTS receiver was developed, based on link budget modelsonsiders the UWB
power in the UMTS channel bandwidth, accounting for plosver spectral density
emission limits currently regulated by the FCC. Shouldséh limits change, the
methodology remains valid. The proposed approach is validofih the UMTS downlink
and uplinks, with minor variations in the formulation.

The downlink analysis shows that a single UWB devicel@de distances from a
UMTS mobile terminal — up to 3 meters for outdoor scesaand 8 meters for indoor
cases, can desensitize the receiver, resulting iactien of the maximum cell range.
This is an important result, since in situations whteeUMTS cell is heavily loaded the
victim user may be driven out of range due to the UWBrfatence. Similarly, in the
case of multiple UWB interference sources, the aggragetderence power may result
in further range reduction. Therefore, the effect of B)\iterference on the UMTS
downlink cannot be ignored.

Conversely, the analysis of the effect of a singterference source on the uplink
showed that UWB causes negligible impact. The differan¢eight between the UMTS
base station receive antenna and the UWB interfersaoarce add extra path loss to the
link (this factor is known as minimum coupling loss, oCD), attenuating the UWB
signal to a level that makes it harmless to the UNd@&iver. Additionally, the elevation
pattern of the base station receive antenna furttbenumtes the signal, by virtue of its
side lobes, given the high elevation angles of araf/ghe UWB interference.
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Chapter 4
UWB Interference on UMTS: System Level

Analysis

4.1 Introduction

This chapter discusses the effects of multiple sourcdsVeB interference on a
UMTS network comprised of many cells.

In the previous chapter, a link budget approach was emptoystlidy the effect
of UWB on a single user link. Despite being useful to mte\a first order quantitative
estimate of the impact of UWB on the UMTS radio lithat model offers limited insight
into the dynamics of an actual network, as it can aslsess one user link at any given
time. Conventionally, the single-cell, single-inteelece source model lends itself to
upper and lower bound estimations, assuming the extremesvaium load or no or

minimum load, for a given targeE,/N, . Therefore, it cannot properly model the

average link, nor is it able to provide information atbthe relative likelihood of that
scenario occurring. In order to overcome these limnat an adequate network-level
analysis must be carried out with proper statisticakinent.

Numerous papers in the literature [7], [35], [37], [38], [41], [42R3] describe
simulations to assess the impact of UWB on UMTS wahous levels of depth. Due to
the complexities of a realistic model - including impleta¢éion and simulation time,
those papers often make simplifying assumptions, somehchvuimit the thoroughness
of the study. Moreover, the results presented in thasdies often differ from one
another, and in some cases are contradictory. Foanire, [7] presents the results
obtained on a small-scale simulator implemented oMRELAB © platform. The results
are derived from a setup with seven tri-sectored UMT&s ssubject to interference
originating from 350 uniformly distributed UWB devices in sgoproximity to UMTS
users. The UMTS service mix is represented by thréereliit service classes. While that

study can lend insight into the basic behavior of th¢TS network in the presence of
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UWB interference, it fails to depict the actual randdynamics of the UWB offenders.
The results of that study show that UWB can be highigirdental to the performance of
UMTS networks. Reference [123] elaborates on the resul@, suggesting that a UWB
power backoff of 30 dB is needed if both systems are &xisto Conversely, reference
[42] describes a similar schema, but limits the aralsian in-building UWB system.
That study concludes that even for very large UWB ded@sities, there is no practical
risk of interference on UMTS networks. Reference [87it$ the analysis to worst case
scenarios, by not taking into account the radio chagffestts. This simplification greatly
limits the contribution of the study, as the radio clemirectly affects the propagation
conditions, therefore influencing the interaction begw the UWB interference source
and the UMTS victim receiver.

A comprehensive model of the UWB-UMTS coexistence leralshould take into
account the following key elements and variables:

¢ Accurate propagation modeling of UMTS cells, using modeds benefit
from digital terrain e morphology data: this increades ¢onfidence level
on the coverage footprint of the UMTS network, alloyvifor better
accuracy in the assessment of interference;

¢ Realistic representation of the UMTS site, with sideration of the
antenna radiation pattern and site sectorization: ¢bistributes to the
correct modeling of the coverage footprint and determihesindividual
capacity performance of each site and sector;

¢ Emulation of technology-specific mechanisms aimed @rawing network
performance, such as Radio Resource Management (RRM)ssadm
control, load control and power control: these medmasiimprove the
network’s tolerance to interference, assisting in nta@ming the
performance as the network load changes;

¢ Diversity of UMTS service classes: UMTS networks suppowltiple
classes of service, e.g., voice, circuit switched deieh packet switched
data. Each of these service classes will be affdayeddWB interference in

a different manner, depending on their data rate requitspand
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¢ Realistic modeling of the interaction between the UiMBrference sources
and the UMTS victim receivers, taking into consideratibe mobility of
UMTS users and the randomness associated with the nambdocation
of UWB interferers.

In general, the existing work on UWB-3G coexistence&kdaa comprehensive
treatment of the dynamics between both systems,ebiidhe key variables mentioned
above are factored in into a single simulation engihke contributions in this work aim
at filling that gap, providing a deeper insight into theuatinteraction between UWB
and UMTS. They are particularly important to wirelesgrriers, which invested
significant amounts of capital on licensed spectrum amaank infrastructure. A mass
uptake of the UWB technology can potentially harm the ityuaf service they offer,
compromising their technical and financial situations.

We propose a methodology that exploits the key aspectsibdesabove by
creating - unlike the models described in the literatuee simulation environment that
accounts for all of them simultaneously. The thoroughlation of the behavior of both
the UMTS and UWB systems allows us to derive resuéis itiiore accurately reflect the
actual dynamics between UWB and UMTS. It also alldars simulations that can
account for the many possible different combinatiohs/ariables that can affect the
performance of the UMTS network in the presence of UiM@rference. With the
proposed model, we show that UWB interference can bergetal to the performance
of UMTS networks. However, unlike in the studies preskiighe literature, we present
results derived from simulation scenarios that moresedtyoresemble those expected
when UWB reaches mass adoption. We also adopt a UM#@&rie model that better
describes the size and topology of actual networks. Tdretehe methodology proposed
in this study yields results based on a more completefseput parameters and on more
elaborate modeling, offering a consistent base for shedly of the UWB-UMTS
coexistence problem. This sets the contributionshis $tudy apart from those in the
literature, by avoiding simplifications and abstractidhat lead to results of limited
validity.

72



The solution proposed in this chapter employs a Monté @aodel to randomize
the positions of users and UWB interferers acrosstawank of UMTS cells, simulating
the dynamics of several simultaneous UMTS users and UMéferers on multiple
cells. The consolidation of the individual results dae number of such Monte Carlo
iterations provides for a statistically meaningful sumymaf the effects of UWB
interference on the victim UMTS network.

The use of a Monte Carlo model offers further benefitse basic mathematical
formulation commonly used to relate the noise risgrdtiic levels in UMTS link budgets
(equation (3-1)), has been derived based on the assummiibthé ratio of inter-cell to
intra-cell interference,i, is constant irrespective of the cell radius and |o&kis
assumption does not reflect the reality. As users emdrleave the UMTS network,
varies, causing both the noise rise and load levelhemge. The Monte Carlo model
dynamically captures these changes at each iteratiagdmnegating the interference from
all offenders at all receivers during the simulation.atidition, the link budget model
omits the effects of soft handover. The Monte Cattwrithm accounts for the potential
uplink gain by analyzing the possibility of a user beingvesg by multiple cells, when
applicable.

4.2 The UMTS System Level Simulator

Since the primary objective of this work is to prop@senethodology for the
analysis of UWB interference on UMTS networks anegessds results, the author chose
not to invest research time on the development ofsifsem level simulator, rather
selecting a commercially available software package. dévelopment of a system level
simulator able to appropriately consider the key elemergsired in this work, would
require an incommensurate amount of effort and could bedbm topic of an entirely
new dissertation by itself. Some off-the-shelf comuiadly available packages offer the
required features and allow the user to focus on analgmmglations results, rather than
on how to produce them. The choice was the CelP&hn8uite, by CelPlan
Technologies, Inc. While selecting the most appropriai@d, the author pondered,
amongst others, the following factors:
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Comprehensiveness of the simulation engine;
Accuracy and reliability of the propagation module;

User friendliness;

* & & o

Previous exposure to the tool, eliminating the learmingve to become

proficient and productive with it;

¢ Access to the implementation details, allowing for tlaelequate
understanding of the tool's capabilities and limitaticarg]

¢ Ability to have changes and/or enhancements to tbéingplemented, as

required, so that the tool could suit the needs of tleareks.

Other available software packages considered were PIaBNETby Ericsson,
Wizard, by Optimi Corporation and Atoll, by Forsk. Egohckage presented positive
features, but had some limiting deficiencies. The Ceifela Suite package offered the
most flexibility and reporting capabilities, streanmimithe research process.

4.2.1 Tool Description

The tool is comprised of several modules, each perfgrmidistinct set of tasks
commonly employed in the process of designing and optigniairwireless network. It
supports a variety of wireless technologies, including 3MOf particular interest to this
dissertation are the propagation prediction and networffictrsimulation modules,

described in the following sections.

4.2.1.1 Propagation Prediction Module

This module relies on a digital elevation model (DEM)d ann land use
information to estimate the expected signal strengtlymed by a radio base station

around its geographical location. The tool allows the tsehoose which propagation
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model to use, from a selection of the most common tmatiscussed in the literature. It
also allows for customization of the model parametEsamples of widely employed
models are the Lee, Hata-Okumura and COST 231 [108], [109], [1118].[There are

five layers of geographical information available, hwithe first two used to create
propagation data. They are:

Terrain elevation, or “Topography”;

Land use, or “Morphology’ (also known as “clutter”);
Raster images, or “Images”;

Geographical landmarks in vectorial format, or “Vestpand

a bk w0 N

Polygons with user-define attributes, or “Regions”.

Propagation Data

Topography Morphology

v v

Propagation M odel

Figure 4-1 The propagation model utilizes the topography anchorphology layers to produce
propagation data.

The digital elevation model, referred to in the toslT@pography, offers information
about the terrain elevation above the mean sea (&$L) at each geographical point.
The data is available in raster format, and its te¢&ol in arc sec, or meters, determines
the area represented by each graphical pixel. Typicalutess are 1 arc sec
(approximately 30x30m per pixel) and 3 arc sec (approximatelp@@0Oxper pixel).
Figure 4-2 shows a graphical representation of the DE&ft.lay
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Figure 4-2 Graphical example of the Digital Elevation Mode(DEM) the propagation prediction
module relies upon to estimate the signal strength praged by a radio base station. Each color shade
represents a different elevation above the mean sea le¢aMSL).

In addition to the terrain elevation, the tool alsmsiders land use information in the
propagation prediction process. The raster layer, nameghdlmgy, contains a land
cover attribute for each geographical point, following same data resolution parameters
described above for the topography layer. Both the topbgrand morphology layers
are commonly produced from topographical maps, aerophotogyarsatellite imagery,
or a combination of them. An example of the morphollaggr is shown in Figure 4-3.

Horphology Types
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Figure 4-3 Graphical example of the land use (Morphology). &h color shade represents a different
land use attribute, such as water, vegetation, roads, etc.
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Both the topography and morphology layers can be takeractount in the propagation
prediction process, although some propagation models daketatlvantage of the latter.
The variations on the terrain elevation, as welhasiral and man-made obstacles, are

considered in the estimation of path loss, as illustrat Figure 4-4.
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Figure 4-4 Example of how the topography (shown in gray) anche morphology (shown in colors)
are used in combination in the path loss estimation paess. The color plots show the signal
attenuation along the radio path, from a radio base stationa a user-selected position.

The Images layer is available as a graphical aid taislees, having no function in
the propagation module. It can be used as a raster unttetlas prediction plots, to help
the user visualize the range and footprint of the sigoaérage, as well as compare it
against geographical points of interest. The tool supporéges of different scales,
allowing the user to switch between scales dependinghendésired level of detalil.
Figure 4-5 and Figure 4-6 illustrate two levels of detail. fits¢ picture shows a raster
image with scale 1:250,000, while the latter shows a zoampdrtion of that area with
scale 1:24,000.
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Figure 4-6 - Example of a raster Image layer produced from mapwith scale 1:24,000.

Relying on the topography and - optionally, on the mogdl the propagation
prediction module can create the radio signal strengttpfimb map for a radio base
station transmitter. The tool uses the following wefined input parameters:

Geographical location of the transmitter (latitude amdjitude);
Transmitter antenna height above ground level (AGL);

Composite antenna radiation pattern: elevation andugizjim

* & & o

Link budget parameters: transmitter power, feeder loss@®ther losses
and gains, including the antenna gain;
¢ Antenna orientation and tilting (both mechanical aledtecal); and

¢ Operating frequency.
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The outcome of the coverage prediction run can be digplgsagphically, as exemplified
in Figure 4-7. The various color keys represent differgmias strength thresholds, which
can be customized to fit the desired ranges. The shagloefiect caused by the
variations in the terrain elevation is noticeabld aesults in a rather irregular footprint. It
is worth noting how it departs from the hexagon-shapedpfext commonly used in
cellular network theory. Composite plots, comprised oftiplaltransmitters, can also be
produced, as illustrated in Figure 4-8. In this example,dbkassembles the footprint by
selecting the transmitter that offers the strongigstasamongst all in each geographical
pixel.

3 kn
Scale 1:102.060

Figure 4-7 - Example of graphical prediction output from he propagation prediction module. The
color keys represent different signal strength threshals.

5 En
Scale 1:195,162

Figure 4-8 Example of a composite graphical prediction ouigt from the propagation prediction
module. The color keys represent different signal streggth thresholds.
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4.2.1.2 The Monte Carlo Simulation Module

The Monte Carlo module can be used to simulate the lmehat a UMTS
network at the system level. It takes as inputs theakgrength predictions described in
the previous section, amongst other variables, asibledcn the next paragraphs. The
algorithm uses a snapshot model to analyze the netwalifexent instantaneous states.
Multiple UMTS service classes, each with its ownficatensity and user profile, can be
used simultaneously, to emulate the different situationéoad the network can be
subjected toThe statistical combination of the results from mpletisuccessive snapshots
for a given user mix, allows the estimation of netwvperformance and quality of service
for a certain offered traffic load. The traffic degslayer for each class of service is
represented by the number of active simultaneous usteringftraffic to the network.
The modeling of the traffic layer as a function of gervice type is a current area of
research, beyond the scope of this work. An excditeatment of the topic can be found
in [114]. In the tool, the traffic layer can be crehfeom input parameters that include the
service class and user density (derived from the morgiddger).

The user profile is composed of three elements: setyme, whose parameters
are used in the modeling of the traffic layer, user imaincharacteristics and
environment model. The service type defines the usagerpdor the user — voice, data,
streaming video, etc. -, as well as the quality ofiser{QoS) requirements. The user
terminal refers to the radio and technology detailshef UMTS mobile device to be
modeled — power, antenna gain, noise figure, etc. Theromnvent model defines
propagation characteristics to be considered in the aiilonl— indoor, outdoor, fading
modeling, loss of orthogonality, etc. The diagram in Fgdr9 [114] illustrates the

concept of a user profile.
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User Profile

Service User Terminal Environment
*Traffic Descriptors:call duration, *Radio technology ¢Indoor/Outdoor
packet lenght duration, inter- arrival *Pow er setting/pow er control *Mobility (speed)
time, length distribution at session «Antenna characteristics *Fading modeling
level, etc. *Noise figure *Loss of orthogonality

*Quality of Service (QoS)
paramaters:drop call rate, maximum
bit error rate, prioritization, etc.

Examples Examples Examples

*Voice *Portable phone sIndoor - Pedestrian
-Video Stream _____. *PDA _ _ e __ *Outdoor -Pedestrian
*Web - Interactive===~""""" eLaptop/Palmtop *Outdoor — Vehicular
*Email

Figure 4-9 The user profile is a combination of three eiments: service type, user terminal and
environment. The examples highlighted in red represerd pedestrian outdoor user requesting
interactive Web access via a PDA device [114].

The configuration of the radio access network (RANa@shes the way it will
respond to the offered load. The geographical layout ofrdkd@® base stations, also
commonly referred to in the literature as Node Bs,andmber of technology and radio
parameters, allow the simulation engine to properly aeulbe real behavior of the
network. The parameters taken into account are showigume 4-10. The geographical
coordinates of each base station (latitude and longitpdsjtion the sites on the
topography layer. The link budget parameters determine ftbetiee radiated power
(ERP) of each base station and define the maximum lpsshto the UMTS user. The
antenna parameters influence the coverage footprinhefsite, as the elevation and
azimuth patterns are taken into account by the propagatamel. The antenna gain is
also used in the link budget. Radio and technology paramgg¢éire the requirements,
capabilities and limitations of the UMTS system, etifeg the way the network responds
to the offered traffic. The power control range, fostance, defines how much power
compensation the system offers to mitigate the effetshort term fading.
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Radio Network Configuration

Base Station location (Latitude/Longitude)

Link Budget Parameters

eTransmission power
*Noise Figure
*TX/RX losses/gains

Antenna Parameters

*Elevation and Azimuth radiation patterns
*Gain

*Tilting

*Bore sight azimuth

*Radiation Center height

Radio & Technology Parameters

*Number of UMTS carriers
*Handoff parameters
*Power control ranges

Figure 4-10 Radio access network parameters taken into codsrration in the Monte Carlo
simulation [117].

The Monte Carlo module uses all the parameters desaimmee as inputs to the
algorithm. 1t is worth noting that the large number mdrameters constitutes a
sophisticated and complex model, representing an actualSJNEtwork in a rather
realistic manner. Figure 4-11 illustrates the high-levieickb diagram showing the
relationship between the described modules. The Montle €ienulator draws data from
all modules, performing iterative calculations for netkvdoad and power control
convergence, with the goal of obtaining the systenourgs requirements for each
service class. The high-level iterative model flowtled Monte Carlo simulator is detailed
in Figure 4-12. The first step into the process is the rgéine of the snapshot. The
algorithm performs a random draw from the input tratiigets for the different services
to be modeled, assembling a mix of active UMTS usendamaly located around the
network sites. This snapshot intends to model the acandbm placement of users and
services that exists in a network at any given ti@sed on the location of each user, the
algorithm determines the best serving sector (usingsithal strength predictions as a
reference), estimating power requirements and noise Fise each user added to the

network, the algorithm executes a convergence loop, elliet iteratively adjusts the
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power control algorithms and assesses the noiseunsiepoth the downlink and uplink
converge, i.e., the link requirements are met for efiva users. When this status is
reached, the offered load has been accommodated arsficstadre collected, so a new
snapshot can be created. The aggregation of resultsnftgdtiple successive snapshots
yields statistically significant information about therformance of the network under the
modeled conditions.

Propagation Data
Topograph Morpholo
pography P 9y - > Successful
¢ ¢ Calls
Propagation Model
Radio Network Configuration
Base Station location (Latitude/Longitudg
e B . Monte Carlo
ink Budget Parameters Traffic
g Simulation —» Throughput
Antenna Parameters Module
Radio & Technology Parameters
User Profile
Service
Noise rise
- - .
User Terminal - and Loading
Environment

Traffic Modelling

Active Users Layers

Figure 4-11 High-level block diagram, showing the interrelatin between the functional blocks. The
Monte Carlo simulation engine receives data from all th&ey modules in order to produce the proper
output results.
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Snapshot generation
randomly generate user characteristics: location, service

v

Use traffic layers as input

L For each user: Best server selection
Statistics § Convergence downlink allocation Power control setting
loop loop uplink allocation Admission control
soft-handoff analysis Radio Resource Management
+ Traffic per sector
Blocking per sector
Collect System Statistics Channel requirements

Uplink noise rise
Base station power

Figure 4-12High-level model flow of the Monte Carlo simulationgame

It is worth noting that during the convergence procedss,algorithm emulates Radio
Resource Management (RRM) functions that are key tootitenal performance of
UMTS networks. Load control and admission control ar@sed to maintain the load
at a level that does not compromise the network’s peeoce. The network monitors
the load for each sector, denying service to new userthey attempt to access the
system if the load reaches or exceeds a pre-defined #imilarly, the network may
deny service if a sectors runs out of orthogonal codElp resources or reaches its
throughput limit. Additionally, where appropriate, the effemf soft handoff are
considered and analyzed. Soft handoff gains are accountedthe convergence process
and the corresponding radio resources requirements aetedfin the statistics.

The performance of the UMTS network under the simulatedditions is
summarized in the statistical report produced from the ggtjom of the results captured
at the end of each iteration. A set of statisticaliables is collected. The following
variables are captured during the simulation, offering ailddt depiction of the

network’s performance:
¢ Average and standard deviation of number of users supporteshdby

sector, when the sector is the main server. Tloenmdtion is available per

service class and totalized for all classes.
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¢ Average and standard deviation of number of users supporteshdby
sector, when the sector is a soft-handoff servere Ttiormation is
available per service class and totalized for alselas

¢ Average and standard deviation of the total number oSyser sector —
main plus soft-handoff traffic.

¢ Average and standard deviation of power levels foreactorse traffic
channels. The information is available per serviesscand totalized for
all classes.

¢+ Average and standard deviation of the noise rise exjgedeiby each
sector.

4.2.2 The Proposed UWB - UMTS Monte Carlo Algorithm

The functional modules and Monte Carlo algorithm desdrilbethe previous
sections make up a comprehensive network-level UMTS &iowl However, in that
configuration the simulator cannot capture the effedtexdernal interference on the
UMTS network. This section proposes an enhancemetitetdool, creating additional
inputs for the pertinent UWB variables and modifying algorithm to account for them.
The proposed solution allows the tool to simulate theawer of the UMTS network
with the same level of completeness as in its origmam, with the added ability of
simultaneously modeling the impact of UWB interferencetloe network performance.
The available literature describes UMTS system Igerformance simulations in the
presence of UWB for very controlled scenarios, withpéistic network configurations
and limited input variables [7], [42], [123]. The results ol#d from those, while
offering some insight into the actual impact of UWB OMTS, do not allow for a
thorough quantitative assessment of interference il redwork deployments.
Furthermore, those studies offer contradicting conclgsiwvhile [7], [123] suggest that
UWB interference on UMTS networks can be severe, ptfjcludes that UWB can
coexist with UMTS networks without causing harmful iféeence. This contribution
intends to overcome the limitations posed by those egudiffering a thorough and
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scalable implementation, which can be used to assei$s theoretical and practical
network scenarios. Figure 4-13 illustrates the modified algor highlighting the added
functional blocks.

UMTS Users Snapshot generation
randomly generate user characteristics: location, service

v

Use traffic layers as input

UWB Interferers Snapshot generation Location correlated with UMTS users
randomly generate interferer characteristics: location, Number of UWB devices per UMTS user
power Power per UWB device

v

Aggregate UWB interference at UMTS user location
and add to noise power

Statistics

loop
A
For each user: Best server selection
Convergence downlink allocation Power control setting
loop uplink allocation Admission control
soft-handoff analysis Radio Resource Management
.
+ Traffic per sector
Blocking per sector
Collect System Statistics Channel requirements

Uplink noise rise
Base station power

Figure 4-13 Proposed simulation algorithm to model UWB intderence on UMTS networks.

The modified algorithm adds new input variables to theilsitar, so that it can consider
the UWB parameters required for the proper modeling oftébbnology. These new
variables also allow for the creation of differemndation scenarios and sensitivity
analyses, as discussed in the next section.

At the present time, UWB has not yet come to fruitia® a mass-market
technology. However, there is a consensus amongst tgdusganizations and
government regulatory bodies, that the evolution of eéhdsvices is likely to be
dominated by personal area network (PAN) applicationsbgnithe home entertainment
market. It is envisaged that UWB devices will be vesw Ipower, for short-range
applications and capable of high data rate transferk, avfew devices per household or
office. Based on this scenario, the algorithm implematn assumes the UWB devices
to be spatially correlated with the UMTS users, wiiekms the most likely situation to
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be encountered in a mature UWB deployment, as UWB deareeanticipated to operate
in the same geographical surroundings where UMTS devieesiqrally located. The
algorithm offers two options for the active UWB devidensity, represented as the
average ratio of the number of active UWB devices dednumber of active UMTS
users. The UWB to UMTS user ratio can be either @msbr follow a Poisson
distribution, characterized by its mean. The Poissefrilolition has been used to model
the number of active UWB interferers in similar cggnce studies [123]. The algorithm
reads the number of active UMTS users from the trédfyers. Once the number of
active UWB devices for a UMTS user is determined, tlejgregate power spectral
density contribution at the UMTS user location is glalted. If the active UWB-UMTS
user ratio is constant, the aggregate power spectratysngie product of the number of
active UWB devices and the individual power spectral depst device. The individual
reference power spectral density per UWB device is patiwvariable, added to the
modified algorithm. If the active UWB-UMTS user ratmlléws the Poisson distribution,
the aggregate power spectral density is the sum of thadmdi contributions from each
UWB device. In this case, each UWB device is separtited the UMTS user by a
different distance, randomly selected from a uniformribistion with mean correlation

distance d which depends on another user-defined input variablee -nmaximum

cor?

separation distance. The mean correlation distatge is defined as one half of the

maximum separation distance, as shown in Figure 4-14. TMB Wevices are assumed

to be randomly located anywhere inside a circle ofusadixd_, centered at the UMTS

r
user location. The different separation distances fmheUWB device cause their
individual power spectral density contributions to difi@mi one another. The individual
power spectral densities at the UMTS user locatiorcal®ilated using a slope-intercept

model in the form

d,
do +rand() EquWB,UMTS - do)

PSQJWB,UMTSi = PSQye + aIOQ{ j , Equation 4-1

where:
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PSDyweumrs; - POWer spectral density of thg UWB device at the UMTS user location;

PSQ,.s: Power spectral density radiated by the UWB device;

a : Attenuation coefficient for the propagation environine input variable;

d,: Minimum distance from the UMTS user — input variable;
duwsuwrs - Separation distance between the UWB device and the UMTS users,
randomly selected from a uniform distribution with mearrelation distancel_, ; and

rand() : Random number between 0 and 1.

maximum correlation distance ; d

-

UMTS user location

p(d) A

dcur:dmm(z dmax dUWB,UMTS

\

Figure 4-14 — Definition of the mean correlation distance dtween the UMTS user and the UWB
interference source. UWB interferers can be randomlydcated anywhere inside the depicted yellow
circle.

The aggregate power spectral density at the UMT& lecation is the sum of all

individual contributions, as described by equati2).

n
PSDQyweumrs = z PSQJWB,UMTS Equation 4-2

i=1

After appropriate bandwidth denormalization, thsufefrom equation (4-2) is added to
the total downlink noise power at the UMTS userseiver, integrating the UWB

88



interference into the remaining algorithm calculatiombe convergence and statistics

loops operate as described in section 4.2.1.2.

4.2.3 Considerations on the Validation of the Tool

The CelPlanner tool selected for this study has beed usmmercially for the
design and optimization of real wireless networks fogrden years. During this time, its
algorithms have been refined and improved to model thealabehavior of wireless
networks, based on meticulous modeling and on the expermmt feedback gathered
from extensively employing the tool in real designsfeRmnce [117] presents a formal
validation study where the results produced by CelPlannercampared to those
generated with the NPSW tool, independently developed W§iaNGorporation. That
study shows the tools to be qualitatively equivalent, addiredence to the use of
CelPlanner in this research.

4.3 System Level Simulations

The UWB-UMTS Monte Carlo algorithm proposed and describetthe previous
section is applied to a notional UMTS network, allowlogthe assessment of the impact
UWB interference can have on its capacity. The aisliycludes the variation of the
UWB power level and device density, providing insight ithe expected trending of
these variables. Firstly, a baseline UMTS netwogk Buffers no external interference is
analyzed. The performance results are used as a bafglim®mparison against the
results obtained in the scenarios where UWB intemferes present. The same network is
then subjected to a coexisting UWB device population x#dfitransmission power
levels. The UWB device density is varied and the UMT&work performance is
analyzed as the density changes. In the final scendmeoUWB device density is kept
constant and the UWB radiated power is varied, to aftowthe study of the UMTS
network’s sensitivity to the FCC emission limitsadgished for UWB.
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4.3.1 Service Classes

The UMTS users were simulated in four different seratzsses — a subset of
those used in the study presented in Chapter 3. The clkesdne classes are those
where there is greater potential spatial correlatietwben the UWB source and the
UMTS device, namely in the in-car and indoor enviromise The applications
envisioned for UWB focus on home and office personaaanetworks, home
entertainment and high-data rate, low range multimedsking it intrinsically an indoor
technology. Considering that UMTS handsets are likelghare these same spaces, the
physical distance between UWB interferer and UMTS imicteceiver is potentially
small. Therefore, this study concentrates on theysinabf UWB interference on UMTS
in closed environments, assuming line-of-sight betwbenJWB interference source and

victim receiver. The four service classes includedhéngimulations are:

1. Vehicular speech, macrocell: models voice servicegushe AMR
(Adaptive Modulation Rate) vocoder with bit rate equal2a?2 Kbps in an
in-car scenario. This test case simulates mobilesusélizing UMTS
voice services while in transit, for example, on@vimg train.

2. Indoor speech, macrocell: this scenario models ve@®ice using the
AMR vocoder with bit rate equal to 12.2 Kbps in an indoorirenment.
This test case simulates mobile users utilizing UMTBevgervices while
indoors, for example, standing or walking inside an oféceresidential
building.

3. Indoor real time data, macrocell: models real tinneuit switched data
(CSD) at 144 Kbps in an indoor scenario. This test seselates mobile
users utilizing UMTS data services while indoors, foamagle, standing
or walking inside an office or residential building.

4. Indoor non-real time data, macrocell: models noh-teae packet
switched data (PSD) at 384 Kbps in an indoor scenaris fHst case
simulates mobile users using UMTS data services whi®ors, for
example, standing or walking inside an office or residéhtiilding.
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The service parameters of each class differentiatetyhe of UMTS service to be
simulated. Table 4-1 summarizes the parameters and vahpésyed in the study.

Table 4-1 Service configuration parameters for the four g&ice classes modeled in the UMTS

simulation
Configuration Parameters
Service Class Voice Voice Circuit Switched Packet Switched
Vehicular | Indoor Data Indoor Data Indoor
Service Type Voice Voice Data Data
Allocation Priority 0 0 1 2
Data Rate Forward | 12.2 kbps 12.2 kbps 144 kbps 384 kbps
Reverse | 12.2 kbps 12.2 kbps 144 kbps 384 kbps
Activity Factor Forward | 0.6 0.6 0.1 0.1
Reverse | 0.5 0.5 0.1 0.1
Data Overhead Facto 0 0 0 0
Max. # of handoff 3 3 3 3
servers
Eb/lo Forward | 7.9 6.1 1.9 1.0
Reverse | 7.9 6.1 1.9 1.0
Max. TCH Power Forward| 2W 2w 2w 2w
Power control margin Forward | 1 dB 1dB 1dB 1dB
above threshold
Reverse | 1dB 1dB 1dB 1dB

4.3.2 UMTS User Terminal Configuration

Two types of UMTS user terminals were considered irstimellations: voice and
data. The relevant parameters are summarized in Tabld Hlese parameters define how
the UMTS users interact with the network at the régliel.
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Table 4-2 UMTS user terminal configuration parameters emplged in the system level simulations

UMTS User Terminal Configuration
User Terminal Type Voice Data
Maximum Transmission Power 21 dBm 24 dBm
Noise Figure 7 dB 7 dB
Antenna Radiation Pattern Omnidirectional Omnidirewlo
Antenna Height Above Ground 1.5m 1.5m
Antenna gain 0 dBi (-2.14 dBd) 0 dBi (-2.14 dBd)

4.3.3 Environment Configuration

The UMTS users were modeled in two distinct propagatioraments: in-car
and in building, as shown in Table 4-3. The in-car prafées the Rayleigh distribution
to model the multipath, due to the mobility associateth W whereas the in-building
profile assumes the UMTS device to be essentiallyostaty. In this case, the lognormal

distribution better represents the link condition.

Table 4-3 Propagation environment parameters used in the ggsn level simulations

Environment Configuration
Environment Type In-car In-building
Body shielding loss 3dB 3dB
Penetration Attenuation 8 dB 15 dB
Fading Model
Distribution Rayleigh Lognormal
Confidence Margin (cell area) 90% 90%
Standard Deviation 6 dB 6 dB
Slope 40 dB/dec 40 dB/dec
Total Link Margin 15.8 dB 21.0dB
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4.3.4 User Profiles

The simulation considered four different user profileseated from the
combination of service classes, user terminal andraamaents described above. The

four user profiles used in this study are listed in Table 4-

Table 4-4 User profiles used in the simulations. Each esprofile is composed of a service class, a
user terminal type and an environment setting

User Profiles
User Profile Voice 12.2K Vehicular]  Voice 12.2K Indoo CSD 144&hi¢ular PSD 384K Vehicula
Service Class Voice Vehicular Voice Indoor Circuit Stvéid Data | Packet Switched Datga
Vehicular Vehicular
User Terminal| Voice Voice Data Data
Type
Environment In-car Indoor In-car In-car
Traffic Factor 0.25 0.40 0.03 0.01

4.3.5 Radio Base Station Configuration

This section describes the configuration of the radisebstations that constitute
the UMTS radio access network (RAN) used in the sinaulatiThe topology and design
constraints of the network itself are discussed iniaeet.3.7. All radio base stations in
the simulated network were configured with the same phlysamd link budget
parameters, as presented in Table 4-5 and Table 4-6. Zdblshows the physical
configuration details and Table 4-6 summarizes the link buclg®ponents. Two tower
heights were used: 20 meters for sites in the corecadrdee network and 40 meters for
sites in the outer tiers. The different heights represe typical configuration in real
networks, where sites located near the downtown aasasubject to stricter zoning
restrictions and carry higher traffic load, thus thevdo height. Conversely, sites in the
outer tiers face fewer zoning restrictions and hangledr traffic loads. For these sites,

93



higher tower are actually desirable, to maximize tbsecage with as few sites as

possible.

Table 4-5 Physical configuration of the radio base station®iat compose the UMTS network used in
the simulations

Radio Base Station Physical Configuration

Antenna Height Above Ground Level (AGL) 20 m for core sites
40 m for outer tier sites
Number of Sectors 3
Sector Azimuth 0, 120 and 240 degrees
Antenna Model Andrew UMW-06517-2DH
Antenna Tilting 2 degrees of electrical tilting — alltees
Antenna Gain 18.9 dBi at boresight

Table 4-6 Link budget parameters for the radio base stationthat com pose the UMTS network used
in the simulations

Radio Base Station Link Budget

Forward Link

Pilot Channel Power (CPICH) 15W
Combined Power for Other Control Channels (Sync,igagitc.) 1.0WwW
Maximum Traffic Channel Power (per channel) 2.0W
Orthogonality Factor 0.5

TX Branch Losses (feeders, jumpers, etc.) 2.8dB
TX Antenna Gain 18.9 dBi

Reverse Link

RX Antenna Gain 18.9 dBiI
Diversity Gain 2dB

RX Branch Losses (feeders, jumpers, etc.) 2.8dB
Front-end Noise Figure 5.0dB
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4.3.6 UMTS System Parameters

The following parameters define the basic UMTS networthe simulator, being
applied globally to all radio base stations and UMTS users

Table 4-7 — UMTS network simulation parameters applied to dlradio base stations

UMTS System Parameters
UMTS Carrier Bandwidth 3.84 MHz
Maximum Throughput per Carrier 2048 kbps
Maximum Number of Vocoders per Carrier 60
Maximum Load Factor — Forward Link 1
Maximum Load Factor — Reverse Link 1
Maximum Number of Allocation Failures per Call 8
Maximum Combined Base Station Output Power (per sector) W 45

4.3.7 UMTS Network Topology

The UMTS network used in the simulations consists of athior base stations
(sites), as depicted in Figure 4-15. The network was deswitiedhe goal of providing
coverage to the area delimited by the red polygon. Theemmlant of each radio base
station was manually optimized through an iterative m®caiming at fulfilling the
coverage requirement while minimizing the number ofssitEhe result is a network
topology that loosely resembles a classical hexagah giThe sites closer to the center
of the area of interest have lower tower heightsyedog a smaller geographical area,
resulting in a higher site density. Conversely, the otier sites have higher tower
heights, resulting in larger coverage areas and lowerdshsity. Each base station is
composed of three sectors, or cells, resulting in 135 tmllthe entire network. In the
layout depicted in Figure 4-15, the geographical location cf base station is indicated
by the (& icon, which coincides with the junction of the thresls encompassing the
site. The setup parameters for the coverage predictiensuemmarized in Table 4-8.
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Even though this is a theoretical analysis, the @gespredictions were created with real
terrain and morphology considerations, closely emulatihg actual propagation
environment in the UMTS network and producing a reasgngddlistic interference
scenario. Other studies found in the literature [7,42,37] adopt less sophisticated
approach, ignoring the effects of terrain and morphologythe propagation. While it
simplifies the implementation of the simulator, thisodcut can result in misleading
results, since the UMTS coverage predictions can beawedy optimistic, producing
distorted coverage estimates. Those, in turn, can teaddrestimation of the effects of
UWB interference. The predictions were produced using #ta khodel, adopting a 44.9
dB/dec slope factor. The prediction radius was set at 1.&mdrthe prediction resolution

was set at 1 arc sec, which equates to a pixel sappsbximately 30 x 30m.

Figure 4-15 UMTS network topology used in the simulationsThe three lines pointing out of the
center of each radio base station’s icon indicate the amuth of each sector — 0, 120 and 240 degrees

96



Table 4-8 Coverage prediction parameters used in the UMTS8ystem level simulations

Coverage Prediction Parameters
Prediction radius 1.8 Km
Prediction resolution 1 arc sec
Terrain & Morphology (Clutter) 30 m resolution
Propagation Model Hata - single slope, 44.9 dB/decade

4.3.8 UMTS Traffic Demand Grid

The UMTS traffic demand distribution for the area tosbmulated is represented
as a grid or, optionally, a raster file. Both haveradize (pixel size) specified in meters
or arc sec, which indicate the granularity of the déte traffic demand files are an input
to the simulations, being used by the algorithm to drasvsufom during the execution
of the Monte Carlo process. Essentially, the traffenand files contain the number of
active users in each geographical bin or pixel. Theygarerated in the tool, using as
input parameters the user profile information describedsantion 4.3.4 and other
variables that are a function of the desired type ofashehgrid, including the shape and
size of the area and distribution pattern —uniform omgited. When the distribution is
uniform, all bins or pixels will have the same numlodractive users. For weighted
distributions, the land use classes in the morphologybeamsed to determine the traffic
density in each bin or pixel, based on input weighingofact

For the simulations discussed in this study, the UMTSadengrid was assumed
to have 4000 active UMTS users. A percentage of this +o7%, was assigned to the
four service classes, according to the Traffic Faclistsd in Table 4-4. The remaining
30% were allocated to other user profiles that are mdtded in this study, for they
represent outdoor traffic. As previously mentioned, UWS anticipated to be
predominantly an indoor technology. Therefore, UMTS oatdwoaffic is unlikely to be
subject to UWB interference. The relevant users wi&tkibuted over the area encircled
by the polygon depicted in Figure 4-15, following a set of -defined morphology
weighting factors, as shown in Table 4-9. The weightexgjors emulate the different
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user densities encountered in each type of morphologying@nce, the factors in Table
4-9 indicate that the UMTS user density in streets aadsas twice as high as that of
residential areas of low concentration (intensiBiring the design phase of commercial
wireless networks, these weighting factors are deriveoh fdemographic studies of the
area of interest. The numbers used in this study areatyijures based on the author’s
professional experience in wireless network design.

The traffic demand grid is approximately 12.8 Km long in East-West direction
and 12.3 Km long in the North-South direction, represertitgtal area of 124.3 Kinor
32 active users/Kfm The 4000 active users were proportionately divided amohgst t
four user profiles described in Table 4-4, following theffiz factors indicated in that
table. Table 4-10 summarizes the demand grid parametersséid@lsove, whereas

Table 4-11 shows the number of simulated active users perpusfile. Figure
4-16 illustrates the graphical aspect of the demand grid.gfideshown refers to the
distribution of Voice 12.2 Kbps indoor users.

Table 4-9 -Traffic spreading weighting factors per morphology type

Morphology Type (Clutter) Traffic Spreading Weighing Factor
Open Water 1
Woody Wetlands, Emergent Herbaceous 2
Perennial Ice/Snow, Bare Rock 1
Grasslands/Herbaceous, Pasture 1
Shrubland, Orchards/Vineyards 4
Deciduous Forest 2
Evergreen Forest 2
Mixed Forest 2
Urban/Recreational Grasses 16
Roads 128
Streets 128
Low Intensity Residential 64
High Intensity Residential 128
Commercial/Industrial/Transportation 255

98



Table 4-10 - Parameters used in the generation of the demagdd employed in the system level
simulations

Demand Grid Parameters

Number of Active UMTS Users 4000
Grid resolution 30 m
Distribution mode Uniform

Table 4-11Number of simulated active UMTS users per user profile

Number of active UMTS users

User Profile Voice 12.2K Vehicular] Voice 12.2K Indoo CSD 144AHdor PSD 384K Indoor
Number of active users 1000 1600 120 40
Indoor
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Figure 4-16 View of the demand grid for the Voice 12.2 Kbpsser profile. The colors represent the
different degrees of user activity.
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4.3.9 Simulation Parameters

In addition to the network and user related parametersioed@bove, the Monte
Carlo engine parameters illustrated in Figure 4-17 must tiog.sA brief description of

each parameter is provided:

¢ Total Traffic (Active Users): number of UMTS actiusers simulated. the
tool imports this number from the demand grid or it caredited prior to
the start of the simulation;

¢ Number of iterations: corresponds to the number of slmapsaken during
the simulation run;

¢ System Blocking Probability: target percentage of blockaffic due to
network congestion;

¢  Minimum/Maximum Number of Iterations: lower and upper tigrfor the
number of iterations performed during the convergence lmagb;

¢+ Converge Factor: percentage of tolerance for the ecgamee loop.

¥ CelPlan - Traffic Simulation El

Sirmulation Convergence

Tatal Traffic [Active Users): W Pirimum Mumber of [terations; ’5—
Mumber of lterations: l'lﬂi bl @irnurn W urmber of [terations: ,20—

Syztem Blocking Probability [7): ,2— Convergence Factor - Farward Link: W

[ Defined Simulation Random Seed: l— Convergence Factor - Reverse Link: ’r

v Graphic Results: |C:\Simulations UM T 55Wectorsh T raffic Simulation vtb Select

Wharming - Suggested number of camers will not be calculated - Load Balance [System Parameters]
g/ Ok | x Cancel ? Help |

Figure 4-17 Monte Carlo simulation setup parameters
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4.4 Simulation Results & Discussion

This section presents and discusses the simulation sésulithe four scenarios
introduced in section 4.3.

4.4.1 UMTS Baseline Scenario

In this scenario, the UMTS network suffers no extelhd/B interference. It is
used as a baseline for comparison against the othesdemarios presented below. The
network configuration and parameters are as describe@atio8 4.3. The simulation
included 2760 UMTS users, divided in four classes of serviéegetailed in Table 4-11.
An aggregated graphical depiction of the UMTS users simulateglach snapshot is
presented in Figure 4-18. The colors represent the diffeisent profiles, as described in
Table 4-4. The pixels shown in black indicate failed ewtion attempts.

. Voice 12.2 Kbps - Indoor
. Voice 12.2 Kbps - Vehicular
O CSD 144 Kbps - Indoor
. PSD 384 Kbps - Indoor

. Failed Connections

Figure 4-18 — Aggregated graphical representation of the UMTS ass simulated at each snapshot.
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The simulation results for the baseline scenario saremarized in Table 4-12.
They are shown for the total number of simulated udersyreflect the individual traffic
contributions by each of the four user profiles. Theseghent set of figures - Figure
4-19 thru Figure 4-51, offers detailed insight into the UMT3®wvoek performance,
illustrating through various metrics its behavior undee #imulated load condition.
Figure 4-19 to Figure 4-46 show the composite performanceeoMiTS network for
each user profile separately, whereas Figure 4-47 to Figbteshow a set of metrics for
the combined user profiles, i.e., the complete populationsers. A discussion of the
results shown in these figures is presented below.

Table 4-12 — Summary of the traffic simulation results for he baseline scenario — no UWB

interference

Metric Active Percentage c

Users Total
Total Simulated Traffic 2760.0 100 %
Carried traffic - Main traffic 2505.8 90.8 %
Carried traffic - Handoff traffic 1158.9 42 %
Not carried traffic - Pilot channel coverage 26.6 1.0%
Not carried traffic - Directed to other carriers 0 0
Not carried traffic - Throughput per carrier limit 0 0
Not carried traffic - Forward traffic channel poweniti | 17.9 0.6 %
Not carried traffic - Forward sector total power limit | O 0
Not carried traffic - Forward load factor limit 0 0
Not carried traffic - Reverse mobile power limit 209.7 %6

The results in Table 4-12 show that in the absencextefral interference, the
UMTS network performance is similar to that expectedead operational networks. In
the simulated scenario, the network carried 90.8% of tieeed traffic. The remaining
9.2% were not carried due to three limiting conditionsk laf pilot channel coverage,
lack of forward traffic channel power and lack of reeelisk power, due to handset

power limitations. The 1% of traffic not carried duelésk of pilot channel coverage
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indicates that, in that configuration, the network doasreach 100% of the geographical
area where there is demand for the UMTS service. iEhgenerally the case in most
commercial networks, because it becomes prohibitieelgtly to build a ubiquitous
network. The 0.6% of traffic not carried due to lack afwfard traffic channel power
indicates that some sectors are experiencing powerasatyreven in the absence of
external interference. This implies that there lisaaly enough intra-network noise at
some sectors to cause the base station to reach pateation. The power saturation
can be a consequence of traffic — too many activeestioms, or coverage — users are
too far from the site and require additional power inftmevard link. The lack of reverse
link power prevented 7.6% of the offered traffic to bevedy indicating that the link
budget is unbalanced, allowing more forward link coveragm tteverse link. Even
though the three metrics mentioned above can mosty likel optimized through
traditional network optimization techniques, for the pugoofthis dissertation they can
be considered as adequate, since the study aims at cagripemelative degradation in
coverage due to UWB interference.

Figure 4-19 to Figure 4-22 illustrate the pilot channel (CPICbl)erage for the
four service classes, for the resulting network loacereff by the simulated user
population. These plots show that the pilot channelremeeis virtually ubiquitous, with

E./I, above the —15 dB threshold in most of the area ofesteAs expected, the indoor
service classes show as smaller footprint for timeesg_ /I, threshold, due to the larger

attenuation caused by buildings.
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Figure 4-19 —Pilot channel (CPICH) Ec/lo (dB), no UWB inteference - 12.2 Kbps Vehicular Voice.
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Figure 4-20 - Pilot channel (CPICH) Ec/lo (dB), no UWB iterference - 12.2 Kbps Indoor Voice.
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Figure 4-21 - Pilot channel (CPICH) Ec/lo (dB), no UWB iterference -144 Kbps Indoor Circuit
Switched Data.
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Figure 4-22 - Pilot channel (CPICH) Ec/lo (dB), no UWB iterference -384 Kbps Indoor Packet
Switched Data.
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Figure 4-23 to Figure 4-26 show the best server area of sthr, i.e., the
collection of pixels where each sector offers thergiest signal to the UMTS user. It is
evident from the plots that there is discontinuity average between cells, especially for
the CSD 144 Kbps and PSD 384 Kbps service classes. Thiateslithat there is no
UMTS service in those areas, commonly referred tem&rage gaps, or “holes.” The
decision criterion in the algorithm does not accoumttfee gain due to soft handoff
(SHO), meaning that serviamight be available where the plot shows it is not, ift sof
handoff gain is taken into account. It is worth notihgttthe best server plots shows the
areas where the cell offesgrvice— pilot channel, forward and reverse traffic links with
enough strength to serve a handset. The pilot channeldpkxribed in the previous
paragraph indicates forward link only.

Figure 4-27 to Figure 4-30 show the coverage of the forwaffit tchannel, also
showing that coverage gaps exist and are more promioerthé CSD 144 Kbps and
PSD 384 Kbps service classes.

Figure 4-31 to Figure 4-34 plot the reverse link power, i.e,BERP power the
UMTS handset must transmit in order to close the liitk whe best serving cell at its
location. The last two thresholds in the plots are 2h@Bd 24 dBm, corresponding to
the maximum ERP for voice and data user profiles, relsp8ctin essence, any point
farther out from the serving cell, beyond the edge efgbwer threshold for the handset
corresponding the user profile under analysis, will neetthat UMTS service.

Figure 4-35 to Figure 4-38 establish a comparison betweerotheard and
reverse link service areas. Ideally, those should matelaning that there would always
be bi-directional service for the UMTS users. Howeveris rather common in
commercial networks that the forward link is slightlyosiger than the reverse link,
because of the power limitations in the handset. Tdlanbe of the link budget in as
many network cells as possible is part of the netwqrkimozation effort. These plots
show that in the baseline network, there is a aertlagree of link unbalance. The
unbalance becomes more evident where there is nangiyitin coverage, i.e., in the

coverage gaps, since there is no adjacent cell fAdMES terminal to handoff to.
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Figure 4-23 - Pilot channel (CPICH) Best Server Plot, n&WB interference - 12.2 Kbps Vehicular
Voice.
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Figure 4-24 - Pilot channel (CPICH) Best Server Plot, ndWB interference - 12.2 Kbps Indoor
Voice.
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Figure 4-25 - Pilot channel (CPICH) Best Server Plot, n&dWB interference - 144 Kbps Indoor
Circuit Switched Data.
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Figure 4-26 - Pilot channel (CPICH) Best Server Plot, nddWB interference - 384 Kbps Indoor
Packet Switched Data.
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Figure 4-27 — Forward traffic channel Eb/lo (dB), no UWB inerference - 12.2 Kbps Vehicular Voice.
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Figure 4-28 - Forward traffic channel Eb/lo (dB), nho UWB irterference - 12.2 Kbps Indoor Voice.
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Figure 4-29 - Forward traffic channel Eb/lo (dB), ho UWB irnterference - 144 Kbps Indoor Circuit
Switched Data.
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Figure 4-30 - Forward traffic channel Eb/lo (dB), no UWB irterference - 384 Kbps Indoor Packet
Switched Data.
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Figure 4-31 — Mobile terminal radiated power (ERP), in dBmno UWB interference - 12.2 Kbps
Vehicular Voice.
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Figure 4-32 - Mobile terminal radiated power (ERP), in dBm no UWB interference - 12.2 Kbps
Indoor Voice.
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Figure 4-33 - Mobile terminal radiated power (ERP), in dBm no UWB interference - 144 Kbps
Indoor Circuit Switched Data.
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Figure 4-34 - Mobile terminal radiated power (ERP), in dBm no UWB interference - 384 Kbps
Indoor Packet Switched Data.
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Figure 4-35 — Forward/Reverse Link Service Areas, no UWB tarference - 12.2 Kbps Vehicular
Voice.
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Figure 4-36 - Forward/Reverse Link Service Areas, no UWBnterference - 12.2 Kbps Indoor Voice.
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Figure 4-37 - Forward/Reverse Link Service Areas, no UWBnierference - 144 Kbps Indoor Circuit
Switched Data.
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Figure 4-38 - Forward/Reverse Link Service Areas, no UWBnierference - 384 Kbps Indoor Packet
Switched Data.
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Figure 4-39 to Figure 4-42 show the forward link noise rispresenting the
contribution of the forward link channels to the naise. The noise rise is proportional
to the number of active forward channels — pilot antficyaand their respective power
levels.

Figure 4-43 to Figure 4-46 depict the areas where soft hanal@fexpected,

based on the variation of the pilot chanigl/N, as the UMTS terminal moves away

from one cell and towards another.

Figure 4-47 offers valuable insight into the reverse loddl factor, showing the
contribution of the reverse link ERP from all activ®&ITS devices served by a sector -
the more active users per sector, the greater thefdgtar. It is worth mentioning that
the number of active users per cell used to produce thete whas derived from the
Monte Carlo simulation.

Figure 4-48 and Figure 4-49 show the number of active users wanden of
active users in soft handoff per cell, respectivelyhe Wifference in traffic densities
across the area of interest is apparent in both figurkere it can be observed that the
traffic is not balanced amongst the cells. Cells gihaller footprint tend to carry less
traffic, whereas those with larger coverage areas terabsorb more traffic. In addition,
the cells at the edge of the area of interest, pgintmtwards, tend to have less soft
handoff traffic, because there are no adjacent cellierahan the neighbor cells in their
own base station.

Figure 4-50 illustrates the total base station power pkerTdee total power is
composed of the common pilot channel, other pilot cblanand the traffic channels. It
shows a strong correlation with the number of simelbars active users plot depicted in
Figure 4-48 — the more active users, the greater total power

Figure 4-51 shows the total forward link throughput per ctllaldo shows a
strong correlation with the number of active users tledtotal base station power per
sector. The total forward link throughput for the simudateetwork is 66.6 Mbps,

representing an average of 493.3 Kbps per cell.
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Figure 4-40 - Forward link load factor, no UWB interference- 12.2 Kbps Indoor Voice.
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Figure 4-41 - Forward link load factor, no UWB interference- 144 Kbps Indoor Circuit Switched

Data.
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Figure 4-42 - Forward link load factor, no UWB interference- 384 Kbps Indoor Packet Switched
Data.
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Figure 4-43 — Handoff areas plot, no UWB interference - 12.2 Kis Vehicular Voice.
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Figure 4-44 - Handoff areas plot, no UWB interference - 12.2lsps Indoor Voice.

118



Handoff Prediction
CSD144K—Indoor

@ Ho Handoff 39%
D Softer 0%
@ coft 2 Sec [1}:4
[ ISoft Softer 0%
@ Soft 3 Sec 0%
Configure
i i
b
1
|
e
.I. [ I:J,“ L ¢ sy
e
|
¥
i
il
.:-....-'I
3 En
e

Scale 1:101,802

Figure 4-45 - Handoff areas plot, no UWB interference - 144 Kis Indoor Circuit Switched Data.
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Figure 4-46 - Handoff areas plot, no UWB interference - 384 Kis Indoor Packet Switched Data.
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Figure 4-48 — Number of simultaneous users per cell, noAB interference - all service classes
combined.
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Figure 4-49 — Number of simultaneous handoff connectionepcell, no UWB interference - all
service classes combined.

Figure 4-50 - Total Base Station TX Power: common pilot @mnel, traffic and other pilot channels,
no UWB interference.
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Figure 4-51 -Total Forward link sector throughput (Kbps), no UWB interference.

4.4.2 UMTS Network in the Presence of UWB Interference

In this scenario, the UMTS network is subject to ek UWB interference,
according to the UWB interference parameters listedahle 4-13. These parameters
populate the variables in the UWB interference modulerdesl in section 4.2.2. The
amount of UWB interference is dictated by the numbelWIB interference sources —
defined by the mean ratio between UWB and UMTS devicasd by the power spectral
density radiated per UWB device. In this scenario, teamJWB/UMTS device ratio is
set at 1. The FCC restricts the power spectral de(BHpD) emission in the frequency
-51.3 dBm/Niz outdoors
applications. The used reference value of —130 dBm/Hz comdspid the maximum

band dedicated to UMTS commercial services to
allowed PSD at a reference distance of 0.1m. This dstan equivalent to a UWB
device being physically very close to a UMTS termiif@l, instance both devices on the
same desk. The network configuration and parameters agdesasbed in Section 4.3.
The simulation included 2760 UMTS users, divided in four clagéssrvice, as detailed
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in Table 4-11. An aggregated graphical depiction of the UMTésusimulated at each
snapshot is presented in Figure 4-52. The colors reprdsenlifterent user profiles, as
described in Table 4-4. The pixels shown in black inditated connection attempts. A
comparison between Figure 4-18 and Figure 4-52 reveals ther lmgheentration of
black pixels in the latter, indicating that more coniogcattempts fail in the presence of
UWB interference.

Table 4-13 -UWB interference parameters used in the simulation

Parameter Setting
Maximum UWB/UMTS Separation Distance 30 m
Separation Distance Distribution Uniform
Mean UWB/UMTS User Ratio 1

Ratio Distribution Poisson
Reference Power Spectral Density per UWB Device -130 HBm/
Reference Distance 0.1m
Attenuation Slope 20 dB/dec

. Voice 12.2 Kbps - Indoor
. Voice 12.2 Kbps - Vehicular
(_) CSD 144 Kbps - Indoor
@ rsD 384 Kbps - Indoor

. Failed Connections

Figure 4-52 - Aggregated graphical representation of the UMTSagrs simulated at each snapshot, in
the presence of UWB interference.
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The simulation results for this scenario are summarineTable 4-14; they are
shown for the total number of simulated users, but atefilne individual traffic
contributions by each of the four user profiles. Theseghent set of figures - Figure
4-19 thru Figure 4-51, offers detailed insight into the UMT3®woek performance,
illustrating through various metrics its behavior undee #imulated load condition.
Figure 4-19 to Figure 4-46 show the composite performanceeoMiTS network for
each user profile separately, whereas Figure 4-47 to Figbteshow a set of metrics for
the combined user profiles, i.e., the complete populationsers. A discussion of the
results shown in these figures is presented below.

Table 4-14 — Summary of the traffic simulation results for WITS network subjected to UWB

interference.

Metric Active Percentage c

Users Total
Total Simulated Traffic 2460.0 100 %
Carried traffic - Main traffic 2344.8 85 %
Carried traffic - Handoff traffic 899.9 32.6 %
Not carried traffic - Pilot channel coverage 264.7 9.6 %
Not carried traffic - Directed to other carriers 0 0
Not carried traffic - Throughput per carrier limit 0 0
Not carried traffic - Forward traffic channel poweniti | 27.3 1.0%
Not carried traffic - Forward sector total power limit | O 0
Not carried traffic - Forward load factor limit 0 0
Not carried traffic - Reverse mobile power limit 123.2 %5

A comparison of the traffic simulation results for tddTS network with no
UWB interference and in the presence of interferescehown in Table 4-15. The
performance degradation is notable across the majofithe key metrics. The total
traffic carried by the UMTS network decreased by 6.4%ijchvhindicates that its
performance is suffering degradation caused by the presehcexternal UWB

interference. The noise rise caused by this interéerdas resulted in a reduction of the
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pilot channel coverage area — an effect knownca$ breathing Cell breathing is
generally caused by noise rise produced intra-networkheswamber of active users
varies over time. When the number of users grows, moige is present, causing the
pilot coverage area to shrink. Conversely, when thebeuraf users drops, the coverage
expands. In the case where UWB interference is pre@ntcell breathing is also being
affected by that component. In this simulation, th@tpéhannel coverage reduction
resulted in an increase of 895.1% in the number of UMT®& ubat could not establish a
connection due to the lack of pilot coverage. In additibe,handoff traffic decreased by
22.3%, also a consequence of the reduced pilot coveragelaeeaverall increase in the
noise rise forces the base stations to elevatetrdn@smission power in the traffic
channels, to preserve the link quality of establishethections. Since the total power
per base station is limited, this increase in trassiom power per active user reduces the
total number of users that can be served per baserstétiis phenomenon is apparent in
the simulations, where 52.5% more users were denied sdpeicause there was not
enough forward link power in the traffic channel to blidh a connection. The number
of users not served due to lack reverse link power hasakeEn in the presence of UWB
interference. The decline occurred because fewer coonettempts have been initiated.
Since the pilot channel coverage has shrunk, fewer usans actually initiate a
connection. The network can only determine whethgaréicular base station has enough
power left on the traffic channel to admit a new uaier that user has requested a
connection through the control channel. Only then tan network assess the link
requirements of that user and make a determinationabldther the user can be served.
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Table 4-15 — Comparison of the traffic simulation resultsdr the UMTS network with no UWB
interference and in the presence of interference

Metric Active Users | Active Users | Variation
No UWB UwWB

Total Simulated Traffic 2760.0 2760.0 -

Carried traffic - Main traffic 2505.8 2344.8 -6.4%

Carried traffic - Handoff traffic 1158.9 899.9 -22.3%

Not carried traffic - Pilot channel coverage 26.6 264.7 895.14¢

Not carried traffic - Directed to other carriers 0 0 -

Not carried traffic - Throughput per carrier limit 0 0 -

Not carried traffic - Forward traffic channel powenit | 17.9 27.3 52.5%

Not carried traffic - Forward sector total power limit | O 0 -

Not carried traffic - Forward load factor limit 0 0 -

Not carried traffic - Reverse mobile power limit 209.7 123.2 -41.2%

(=)

Figure 4-53 thru Figure 4-85 show the same graphical outputs médentthe

baseline scenario, now with the UMTS network inghesence of UMTS interference.

Figure 4-53 to Figure 4-56 illustrate the resulting pilot cha(@BICH) coverage
for the four service classes, for the resulting nekwoad offered by the simulated user

population in the presence of UWB interference. Thecemed network load is reflected

in the reduced overalE, /| footprint. Similarly, the best server area of eaebtar is

reduced, as illustrated in Figure 4-57 to Figure 4-60.

Figure 4-61 to Figure 4-64 show the coverage of the forwarfftic tdhannel,

displaying a smaller overall footprint and showing thatverage gaps that existed

previously become more evident, especially for the 8B Kbps and PSD 384 Kbps

service classes.
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Figure 4-53 - Pilot channel (CPICH) Ec/lo (dB) — 12.2 Kbps &hicular Voice. Mean UWB-UMTS
ratio=1, reference PSD=-130 dBm/Hz.
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Figure 4-54 - Pilot channel (CPICH) Ec/lo (dB) — 12.2 Kbpsridoor Voice. Mean UWB-UMTS
ratio=1, reference PSD=-130 dBm/Hz.

127



CPICH- Beacon Ec-Io
CSD144K-Indoor
@@L = -10.0 dB 40%

»= —12.0 dB 10%
»= —-14.0 dB 7%
»= —16.0 dB GE%
»= —-18.0 dB 3%
»= -20.0 dB 2%
»= —22.0 dB 1%
»= -24.0 dB 0%

Configure

e
Scale 1:99,976

Figure 4-55 - Pilot channel (CPICH) Ec/lo (dB) - 144 Kbpsrdoor Circuit Switched Data. Mean
UWB-UMTS ratio=1, reference PSD= -130 dBm/Hz.
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Figure 4-56 - Pilot channel (CPICH) Ec/lo (dB) - 384 KbpsHrdoor Packet Switched Data. Mean
UWB-UMTS ratio=1, reference PSD= -130 dBm/Hz.
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Figure 4-57 - Pilot channel (CPICH) Best Server Plot — 12Rbps Vehicular Voice. Mean UWB-
UMTS ratio=1, reference PSD=-130 dBm/Hz.
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Figure 4-58 - Pilot channel (CPICH) Best Server Plot — 12Rbps Indoor Voice. Mean UWB-UMTS
ratio=1, reference PSD=-130 dBm/Hz.

129



Best Serwver Site
CSD144K—Indoor

) BTS00
BTS01
BTS02
BTS03
BTS04
BTSOS
BTS06
BIS07
BTS08
BTS09
BTS10
BIS11
BIS12
BIS13
BTS14
BIS15
BTS16
& BTS17

Configure

1%
1%
1%
1%
1%
1%
1%
1%
1%
1%
1%
1%
1%
1%
1%
1%
1%
1%

3 En
Scale 1:99.976

Figure 4-59 - Pilot channel (CPICH) Best Server Plot - 144bps Indoor Circuit Switched Data.

Mean UWB-UMTS ratio=1, reference PSD= -130 dBm/Hz.
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Figure 4-60 - Pilot channel (CPICH) Best Server Plot - 384bps Indoor Packet Switched Data. .
Mean UWB-UMTS ratio=1, reference PSD= -130 dBm/Hz.
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Figure 4-61 - Forward traffic channel Eb/lo (dB) — 12.2 Kbps ¥hicular Voice. Mean UWB-UMTS
ratio=1, reference PSD=-130 dBm/Hz.
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Figure 4-62 - Forward traffic channel Eb/lo (dB) — 12.2 Kbps hdoor Voice. Mean UWB-UMTS
ratio=1, reference PSD=-130 dBm/Hz.
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Figure 4-63 - Forward traffic channel Eb/lo (dB) - 144 Kbps hdoor Circuit Switched Data. Mean
UWB-UMTS ratio=1, reference PSD=-130 dBm/Hz.
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Figure 4-64 - Forward traffic channel Eb/lo (dB) - 384 Kbps hdoor Packet Switched Data. Mean
UWB-UMTS ratio=1, reference PSD=-130 dBm/Hz.
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Figure 4-65 to Figure 4-68 plot the reverse link power, i.e,BRP power the
UMTS handset must transmit in order to close the liith whe best serving cell at its
location. The last two thresholds in the plots are 2th@Bd 24 dBm, corresponding to
the maximum ERP for voice and data user profiles, relspct A comparison with
Figure 4-31 to Figure 4-34 clearly shows that more revankepbbwer is required from
the UMTS terminals when UWB interference is preseamntributing to reverse link
noise rise.

Figure 4-69 to Figure 4-72 contrast the forward and revelsadirvice areas. A
comparison with Figure 4-35 to Figure 4-38 shows that the amtalbetween forward
and reverse links deceases slightly in the presencaMB uterference. This is a result
of the increased noise level, which reduces the fahi@k range.

Figure 4-73 to Figure 4-76 show the increase in the forwald ribise rise
because of the UWB interference. The increased misisas a consequence of the extra
forward link power required in the traffic channels, impensate for the higher noise
floor.

Figure 4-77 to Figure 4-80 depict the areas where soft hanal&fexpected,

based on the variation of the pilot chanigl/N, as the UMTS terminal moves away

from one cell and towards another. UWB interfereragses the reduction of some of the
handoff areas, because the higher noise floor at & 3Jterminal eliminates some
candidate cells with weaker service at its location.
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Figure 4-65 - Mobile terminal radiated power (ERP), in dBm- 12.2 Kbps Vehicular Voice. Mean
UWB-UMTS ratio=1, reference PSD= -130 dBm/Hz.
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Figure 4-66 - Mobile terminal radiated power (ERP), in dBm- 12.2 Kbps Indoor Voice. Mean UWB-
UMTS ratio=1, reference PSD= -130 dBm/Hz.
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Figure 4-67 - Mobile terminal radiated power (ERP), in dBm- 144 Kbps Indoor Circuit Switched
Data. Mean UWB-UMTS ratio=1, reference PSD= -130 dBm/Hz.
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Figure 4-68 - Mobile terminal radiated power (ERP), in dBm- 384 Kbps Indoor Packet Switched
Data. Mean UWB-UMTS ratio=1, reference PSD= -130 dBm/Hz.
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Figure 4-69 - Forward/Reverse Link Service Areas - 12.2 Kbpgehicular Voice. Mean UWB-UMTS
ratio=1, reference PSD=-130 dBm/Hz.
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Figure 4-70 - Forward/Reverse Link Service Areas - 12.2 Kbpsdoor Voice. Mean UWB-UMTS
ratio=1, reference PSD=-130 dBm/Hz.
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Figure 4-71 - Forward/Reverse Link Service Areas - 384 Kbpsdoor Packet Switched Data. Mean
UWB-UMTS ratio=1, reference PSD= -130 dBm/Hz.
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Figure 4-72 - Forward/Reverse Link Service Areas - 384 Kbpsdoor Packet Switched Data. Mean
UWB-UMTS ratio=1, reference PSD= -130 dBm/Hz.
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Figure 4-73 - Forward link load factor — 12.2 Kbps Vehicular Vice. Mean UWB-UMTS ratio=1,
reference PSD= -130 dBm/Hz.
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Figure 4-74 - Forward link load factor — 12.2 Kbps Vehicular Vice. Mean UWB-UMTS ratio=1,
reference PSD= -130 dBm/Hz.
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Figure 4-75 - Forward link load factor - 144 Kbps Indoor Cirauit Switched Data. Mean UWB-UMTS
ratio=1, reference PSD=-130 dBm/Hz.
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Figure 4-76 - Forward link load factor - 384 Kbps Indoor Packé Switched Data. Mean UWB-UMTS
ratio=1, reference PSD=-130 dBm/Hz.
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Figure 4-77 - Handoff areas plot — 12.2 Kbps Vehicular Voice. &an UWB-UMTS ratio=1, reference
PSD= -130 dBm/Hz.
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Figure 4-78 - Handoff areas plot — 12.2 Kbps Indoor Voice. MeadWB-UMTS ratio=1, reference
PSD=-130 dBm/Hz.
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Figure 4-79 - Handoff areas plot - 144 Kbps Indoor Circuit Swiched Data. Mean UWB-UMTS

ratio=1, reference PSD=-130 dBm/Hz.
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Figure 4-80 - Handoff areas plot - 384 Kbps Indoor Packet Swihed Data. Mean UWB-UMTS

ratio=1, reference PSD=-130 dBm/Hz.
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Figure 4-81, in contrast with Figure 4-47, illustrates thear&able effect of
UWB interference on the reverse link load factor. Téeerse load drops substantially,
because of the reduced number of active calls causedebmdieased noise floor. On
average, the reverse link load factor per sector droppé&dlBy. The chart in Figure 4-86
depicts the variation of the reverse link load factarqged.

Figure 4-82 shows the number of simultaneous active userscqler A
comparison with Figure 4-48 shows that the number of eacisers decreases in the
majority of cells; the average decrease is 4.7%. ShpilBigure 4-83 depicts the number
of simultaneous handoffs per cell. A comparison with FEgi#49 also reveals a decrease
in this metric, averaging 20.7%. The chart in Figure 4-87 teepie variation of the
number of active users per cell and the chart in Figu88 4hows the variation of the
number of simultaneous handoffs. The reduction in the aunolb active users and
simultaneous handoffs per cell is a direct effect ofrtbevork’s diminished capacity to
carry traffic, caused by UWB interference.

Figure 4-84 illustrates the total base station power plkerincéhe presence of
UWB interference. As expected, despite a lower numbactiwe users, the total power
per sector is greater than in the baseline scenaowrsin Figure 4-50. The average total
power increase is 5.3%. The chart in Figure 4-89 depictsahation of the total base
station transmission power per cell.

Figure 4-85 shows the total forward link throughput per cethe presence of
UWB interference. A comparison with Figure 4-51 shows I@arc reduction in
throughput, averaging 9.3%. It also shows a strong cooelatith the number of active
users and the total base station power per sectototdddorward link throughput for the
simulated network dropped from 66.6 Mbps to 58.3 Mbps while teeage throughput
per cell dropped from 493.3 Kbps to 432 Kbps per cell — a redudtib?2.4%. The chart
in Figure 4-90 shows the variation in the total bastostdorward link throughput per

cell.
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Figure 4-81 - Composite reverse load factor plot — all seice classes. Mean UWB-UMTS ratio=1,
reference PSD=-130 dBm/Hz.
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Figure 4-83 - Number of simultaneous handoff connectiorer cell - all service classes combined.

Mean UWB-UMTS ratio=1, reference PSD=-130 dBm/Hz.
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Figure 4-84 — Total Base Station TX Power: common pilot chamel, traffic and other pilot channels.
Mean UWB-UMTS ratio=1, reference PSD=-130 dBm/Hz.
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Figure 4-85 — Total Forward link sector throughput (Kbps).Mean UWB-UMTS ratio=1, reference

PSD=-130 dBm/Hz.
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with the baseline UMTS network scenario.
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Figure 4-87 - Variation in the number of active users pesector due to UWB interference, in
comparison with the baseline UMTS network scenario.
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Figure 4-88 - Variation in the number of simultaneous handifs per sector due to UWB interference,
in comparison with the baseline UMTS network scenario.
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Figure 4-90 - Variation in the total base station forward lirk throughput per sector due to UWB
interference, in comparison with the baseline UMTS rigvork scenario.
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4.4.3 Sensitivity Analysis of the UWB-UMTS Device Ratio

The results presented in the previous section, spelgificable 4-15, assumed a
mean UWB-UMTS device ratio of 1. In this section, #igects of a variable UWB-
UMTS device ratio on the network performance are imyated. Figure 4-91 plots the
traffic handling capacity variation of the UMTS netwoas the ratio of active UWB
devices per active UMTS user increases. The simulatamditions for the UMTS
network are the same as described in the previous sectie ratio of UWB devices per
UMTS user followed a Poisson distribution, with therage varying according to the
plotted data points. All UWB devices transmitted with #ame power, respecting the
maximum regulated power spectral density for the 2 GHz Hansl.apparent that both
the main and handoff carried traffic amounts decreassdiy with the increase in the
UWB device density per UMTS user. As that density risles, traffic lost due to the
degradation of pilot channel coverage also grows steddilg. degradation is a result of
the increased noise power at the UMTS terminals.h&sbise level rises, it increasingly
desensitizes the UMTS receiver, impairing its ability properly decode the pilot
channel. As a result, fewer UMTS users are abletabksh a connection.
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Figure 4-91 Variation of the UMTS network capacity with thevariation of the UWB-UMTS device
ratio.
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Figure 4-92 shows the variation in the number of simutaseactive UMTS users
that cannot access the network, distributed accordirigeageasons causing the service
denial. It is evident that as the ratio of active UWBvices per active UMTS users
increases, the traffic loss due to the lack of revéngemobile power drops steadily.
However, this decrease indicates an undesired phenoméearer UMTS users are
experiencing reverse link power limitation because tb@mection attempts are actually
failing in the forward link, due to poor link quality causedtbe excessive noise level. In
other words, the connection attempts fail in the dokrfirst, more specifically in the
pilot reception, resulting in fewer reverse link failuise to mobile power saturation.
Similarly, Figure 4-92 also shows that the traffic lds® to forward link traffic channel
saturation experiences less variation with the irseraa the UWB-UMTS device ratio,
eventually decreasing as that ratio increases. Tlatsds explained by the precedence of
requirement for pilot coverage over traffic channel ezage, i.e., even though both
channels are affected by downlink interference fromBJuWgers, the users denied access
due to lack of pilot do not get to experience the resinstin traffic channel power.
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Figure 4-92 Variation of the UMTS network traffic loss caued by power saturation, as a function of
the UWB-UMTS device ratio.
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4.4.4 Sensitivity Analysis of the UWB Power Spectral Density (PSD)

The simulations discussed thus far assumed the UWB ddvaresmitting at the
maximum power allowed by the FCC regulations. The resudlisate that for a mean
UWB-UMTS device ratio equal to 1, the UMTS network couldfes noticeable
performance degradation, as shown in Table 4-15. Thetigaraf the maximum power
spectral density (PSD) of the UWB interference tai@albelow the maximum allowed
by the FCC could reduce the detrimental effects of UWB 36 networks. The
simulation scenario described in Section 4.4.2, for anrtB&B-UMTS device ratio of 1,
was repeated considering different values of the maximuvB ypower spectral density
(PSD) interference. In this study, the PSD was mamnoédly decreased from the upper
limit of -130 dBm/Hz until the level where the networkrfpemance was the same as
that achieved for the baseline scenario discussedctioset.4.1, where no UWB was
present.

Figure 4-93 illustrates the variation of the network cdpas the maximum UWB
power spectral density (PSD) is decreased, for a meaB-UWTS device ratio of 1.
The total simulated traffic is 2760 simultaneous users. him presence of UWB
interference at the power spectral density level of -dB®/Hz, the UMTS network is
able to carry 2344.8 simultaneous users, or 6.4% less than wh interference is
present. The carried handoff traffic equates to 899.9 usgngsenting a 22.3% decrease
from the baseline scenario. The network traffic edsslue to lack of pilot coverage is
264.7 users, or 891% above the baseline scenario. As thB lddrference level
decreases, these metrics change monotonically, asyoatiyoapproaching the levels
measured for the baseline scenario. At PSD levetsabell 50 dBm/Hz, the degradation
due to UWB interference is negligible and the performasfcdhe UMTS network is no
longer affected by the presence of UWB devices. Thistegua a backoff of 20 dB from
the emission limits established by the FCC [5]. Rafee [7] presents results of a similar
study, where a backoff of 30 dB is recommended. In that stimy behavior of a
theoretical UMTS network was simulated using the nogged of the users’ receivers as
the compensation variable to account for the UWBrfietence. The simulation did not
consider the mobility and power variation due to the gamagcal distribution of the
UWB interference. The simplified nature of the model@dd in that study, lacking the
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stochastic approach employed here, suggests that themecodation should be treated
as an upper bound figure.

Similarly, Figure 4-94 shows the variation on the neknoaffic loss due to power
saturation, caused by the increased noise level geddmgtthe UWB interference. The
graph clearly shows the correlation between the drdpaific loss due to lack of pilot
and the increase in traffic loss due to lack of revénékemobile power. As the UWB
interference decreases, the pilot coverage increastshe UMTS network captures
more traffic. This increase in traffic results in ®dJMTS users loading the network,
requiring more reverse link power from each UMTS terimiR@ure 4-94 also shows
that the traffic loss due to forward traffic channelvpo saturation remains constant,
indicating that the amount of UWB interference in tetwork is not affecting that
metric.
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Figure 4-93 Variation of the UMTS network capacity with thevariation of the UWB power spectral
density (PSD), for a mean UWB-UMTS ratio equal to 1.
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Figure 4-94 Variation of the UMTS network traffic loss caued by power saturation, as a function of
the UWB power spectral density (PSD), for a mean UWB-UMT $atio equal to 1.

Figure 4-95 plots the required power spectral density backddffaaction of the
UWB-UMTS device ratio, for the same simulation scenaiThe definition of the
required power backoff is the amount of reduction in thegoospectral density of the
UWB signal that results in the UMTS network performaageal to that of the network
is the absence of UWB interference. The results stimw the required power backoff
increases monotonically with the increase in theBJVWMTS device ratio, at a rate of
approximately 8 dB/decade.
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Figure 4-95 Variation of the PSD backoff required to presere the UMTS network performance as a
function of the UWB-UMTS device ratio.

4.5 Summary

This chapter presented a methodology for system levallaion of the
coexistence between UWB and 3G technologies, using UdT& example. The details
of 3G network planning tools have been explored and tpadtof their most relevant
blocks has been discussed.

An algorithm for the simulation of the interactiontween UWB interferers and
UMTS devices has been proposed, leveraging on the ctpahilf existing commercial
planning tools. A realization of such algorithm hasrbpeesented, along with simulation
results for a notional UMTS network subjected to vayylievels of UWB interference,
respecting the emission limits established by the FO@ results of these simulations
characterize the performance degradation UWB interderean cause on 3G networks.
At the present emission limits authorized for UWB, 3&works will likely suffer
noticeable performance degradation in terms of capaaitly coverage, if UWB uptake
achieves its forecasted mass adoption levels of muttglees per household or office.
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While this study focused on UMTS as a third-generatichrtelogy, the principles
and methodologies discussed herein can be extrapolatdeimentirety to other air
interfaces, such as CDMA 2000. The major adjustment requaredable the reuse of the
models proposed in this study to other 3G air interfec@sthe carrier bandwidth, which
varies depending on the technology.

This concludes the development of this work. The folmgwchapter summarizes
the contributions of this research and points to aoédsiture research related to this

topic.
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Chapter 5

Conclusions

5.1 Summary and Contributions

The main contribution of this work is the charactatian of UWB interference on
third-generation (3G) wireless networks, showing the ehgaat mass adoption of UWB
technology can have on those networks. We achiesectitribution by proposing and
implementing a methodology that enables realistic, cehgrsive and scalable analyses
of the effects of UWB on 3G networks. A fundamental porent of this framework is
the development of an algorithm to model the behavithed3G network in the presence
of UWB interference. The proposed solution considers dfeehastic variables that
influence both the 3G users and the UWB interferencecses, namely the number of
interferers and their spatial distribution.

Studies available in the literature have partially adsi@she problem, presenting
inconclusive and even contradictory results. The comjasxthat arise from a
comprehensive statistical treatment of the intevachetween two systems, with mobile
interference sources and victims, have inhibited ¥pdoeation of a thorough solution. In
available studies, simplifying assumptions about the 3G padjmn environment, traffic
distribution, usage pattern and UWB interference distobutmake the modeling
realizable with low complexity, at the expense ofusmacy and realism. The range of
simplifying assumptions and abstractions in the worklabai in the literature prevents
consistent and converging conclusions.

This work focused on building a simulation framework tla&es into consideration
the fundamental variables affecting the UWB-3G coemedeproblem. Initially, the
UWB interference on a narrowband receiver was inyatsd, with the purpose of
determining how to best model its impact on 3G receivers
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Next, and using the results from that investigation,VEB-BG link level analysis
methodology was proposed, aiming at determining how much Uhtésference can be
expected in a 3G device under typical real single-link sitast assuming the UWB
emissions in compliance with the limits establishedhe FCC.

The link level analysis was then evolved to an in-depthileling of the 3G system,
including the propagation component, with digital elevatioodels of the terrain and
morphology; complete modeling of the radiation patterthefbase station antennas was
also accounted for. The technology-specific admissiontrab and radio resource
management features encountered in 3G networks werengdamented in the model.
Additionally, the mix of service classes 3G networks suppeas considered. The
combination of these components result in a model thatistically describes the
behavior of a 3G network.

In the proposed methodology, UWB interference was sieullais a random
variable, in which both the number of interferers aimeir location around the 3G victim
receivers change over time. A Monte Carlo algorithas wsed to simulate the stochastic
behavior of the 3G users and UWB interferers. This ralgn represents the key
contribution of this work.

The approach was demonstrated through a practical realizait the framework,
with the aid of a commercially available 3G networknpiag tool, modified to support
the UWB interference modeling algorithm proposed ingtusly.

To complete the research, the performance of a ratidMTS network was
simulated using the described implementation. The coveaadecapacity aspects were
investigated in the presence and absence of UWB irdede, allowing for an
assessment of the degradation UWB can cause to thallowetwork performance. The
network performance variation as a function of the UtiBice density was also studied,
showing that the current UWB emission limits establis by the FCC can be detrimental
to 3G networks. Finally, an illustrative study on theoant of power backoff required to
avoid UWB interference on 3G networks is presented,doasethe notional UMTS

network used as reference.
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In summary, the main benefits expected from this rebesre to:

Demonstrate that UWB interference can be detrimeatéthe performance of

3G networks;

= Enable the understanding of how the variables thattaffee operation of
UWB and 3G affect the coexistence of both systems;

= Allow the study of the UWB-3G coexistence problem imealistic fashion,
accounting for the key variables affecting both systems

= Allow network operators to model the expected impact ofass uptake of

UWB on 3G networks, should the current FCC-dictated UWBsan limits

remain unchanged.

5.2 Related Areas of Research

There are other areas of research related to UWBtsambexistence with legacy
systems that were not covered in this dissertatidrgyTcould be explored in future
research, eventually benefiting from the contributipresented herein.

5.2.1 Impact of UWB on the 3G Power Control

Third-generation air interfaces are equipped with a fiasted-loop power control
mechanism intended to mitigate the effects of shanmtading on the link performance.
They act on the signal at a rate of, typically, 5 KHgdating the power level in response
to changes in the channel. The burstiness of the Wil could potentially attack the
3G power control mechanism, affecting its ability mmpensate for channel variations,
further impairing the performance of the 3G link. Thisrgaenon has not been studied
in this dissertation, but deserves further probing. Nuless, the framework presented
here could be used and eventually enhanced to accouncfon®deling.
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5.2.2 Impact of UWB Detect- and-Avoid Mechanisms

As the concern surrounding the impact of UWB on legastesys grows, UWB
technology supporters and manufacturers have been proposcigamsms to minimize
the potential for interference. Detect-and-avoid athors, based on sensing the
spectrum prior to transmission, have recently been pexpobut their effectiveness on
complex network scenarios, such as those discussedsirdifgertation, is yet to be
assessed. This has not been addressed in this study alddbeoan area of future

research, building upon the work presented here.

5.2.3 Cognitive Radios, UWB & Coexistence

As the need for wideband applications increases, thergkfoa spectrum grows
proportionately. In this context, higher-efficiency theds of spectrum utilization
become relevant. Ultra wideband technology can be gaeean attempt to improve the
efficiency of spectrum utilization, by allowing the UWdgnal to occupy a very large
portion of spectrum also used by many other systems.ekeryww UWB is an unlicensed
technology, implying that spectrum coordination with Ilggagstems is not required,
creating the potential for interference and performaleggadation.

Cognitive radios can be an appealing solution to the bumferspectrum
coordination and interference mitigation. They havenbeeceiving increasing interest by
the research community, as a solution to improve ftt@eacy of spectrum utilization
while minimizing coordination. Cognitive radios utilizpectrum intelligently, sensing
the spectrum before transmitting, aiming at avoid iaterice with other transmissions.
They also utilize spectrum adaptively, adjusting their badtthwoccupation dynamically,
according to the transmission requirements and spectraitataity. These principles
can be applied to UWB, allowing the technology to bettexist with legacy systems,
including 3G networks. The research of cognitive radiosieppd UWB, and the benefit
it can bring to UWB coexistence with legacy systesla be a potential area of future

research.
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