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ABSTRACT

This thesis proposes the mathematical modeling of transmission channels
and link budget for ultra wideband impulse radio (UWB-IR) systems. For transmission
channel modeling, free space and ground reflection path losses are mathematically
modeled. The novel method of derivation is proposed. The formula is based on
rectangular passband waveform and complex form of Friis’ transmission formula. In
addition, the closed forms of path loss expressions are derived based on both
average and peak power losses for free space and ground reflection channels. After
that, the novel quantitative parameter, peak to average loss ratio, is proposed and
derived in the closed form formula for UWB-IR systems. Moreover, the closed form
formulas of correlation coefficient using correlation receiver with transmitted
waveform template are derived. The measurement was done and compared.for the
ground reflection channel. From the results, all of proposed formulas correspond
very well with measurement. Therefore, the proposed models are accurate and can
be the choices for modeling the UWB-IR free space and ground reflection channels.
For link budget, a more generalized link budget model for studying the waveform
distortion due to antenna on free space transmission is discussed. The free space link
budget evaluation scheme in the term of frequency transfer function that takes into
account the transmitted waveform, its distortion due to the antennas, the channel
and the correlation receiver is developed. This model is based on Friis’ transmission
formula, adapted to the UWB-IR transmission systems. The rectangular and root
raised cosine passband waveforms are used as the transmitted waveform.
Experimental investigations are done for log-periodic dipole antenna (LPDA). The
distortion quantities in the term of waveform distortion and transmission gain are
defined and shown. This link budget evaluation scheme may be effective, especially
to evaluate the deployable antenna with non-ideal frequency characteristics of
return loss and directivity, as the overall performance can be evaluated only by the
term of UWB-IR transmission gain.
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CHAPTER 1
INTRODUCTION

1.1 Background

Ultra wideband impulse radio (UWB-IR) technology becomes an important
topic for wireless system due to its potentials to offer very high capacity, low cost
and low power consumption properties [1]-[3]. The interested advantages of UWB-IR
systems are low cost resulted from low complexity of system, low signal power
spectral density (PSD) with same as or below than noise level, resistant to multi-path
fading and high time resolution for localization {4].

The Federal Communications Commission (FCC) of USA first specified that
UWB-IR signal could be transmitted at the frequency spectrum ranging from 3.1 to
10.6 GHz [5]. Similarly, in Europe, European Telecommunications Standard Institute
(ETS) and International Telecommunication Union (ITU) first proposed UWB-IR signal
regulation same FCC spectrum rage with slope spectral mask [6] and then modified
to frequency spectrum ranging from 6.0 to 8.5 GHz [7]. In Japan, Ministry of Internal
Affairs and Communications (MIC) specified the UWB-IR signal has two frequency
spectrum ranges, lower band form 3.4 to 4.8 GHz and upper band from 7.25 to 10.25
GHz [8]. Recently, UWB-IR signal regulation has been approved in other regions as
well. There is common frequency available among FCC, ETSI and MIC, that is from
7.25 to 8.5 GHz [9].

UWB-IR system was first adopted for IEEE 802.15.3a high rate wireless personal
area networks (HR-WPANSs) with distance up to 10 meters [10] but this standard was
withdrawn in January 2006. Moreover, UWB-IR system is also adopted for IEEE
802.15.4a low rate wireless personal area networks (LR-WPANSs) enabling wireless
sensor networks (WSN) with transmission distance up to several hundred meters [11]
and IEEE 802.15.6 for low power communication between body nodes to provide
medical and non-medical applications [12].

1.2 Motivation

Path loss model is necessary tool for designing and deploying any wireless
systems including UWB-IR systems. For UWB-IR transmission, very high peak short
pulse with very low duty cycle allows to obtain the ultra low power consumption.
The peak power loss and average power loss from transmitter and receiver are equal
for the distortionless condition. However, the distortion of UWB-IR waveform due to
frequency and time dispersions of channel causes the difference. Therefore, both



path losses based on average and peak power losses should be modeled.
Furthermore, the ratio between path loss based on peak and average power losses
can be defined as the distortion quantity of UWB-IR waveform. For UWB-IR
correlation receiver with transmitted template signal, the correlation coefficient used
to identify the receiver efficiency. The correlation coefficient is equal to 1 means the
efficiency is 100%. In other words, that is the special case of correlation receiver,
which is called as matched filter receiver. The transmitted template signal is identical
with received signal. The correlation coefficient is decreased when the template
signal is more differ. If the correlation coefficient is equal to 0, that means the
template signal is orthogonal with received signal. There is no signal that can be
detected from the receiver. The correlation coefficient is also applied to analyze the
waveform distortion.

In UWB-IR systems, antennas usually act as significant pulse shaping filters and
cause extreme waveform distortion. Moreover, low cost, geometrically small and still
efficient antennas are required for the UWB-IR applications. Therefore, the link
budget that considers the distortion due to antennas is important to design and
improve the performance of UWB-IR systems.

1.3 Previous Work

The Friis’ transmission formula is widely used to evaluate the free space of
narrowband wireless system [13]. However, it is not directly applicable to the UWB-IR
systems because the bandwidth of signal is extremely wide. Therefore, the extension
of Friis’ transmission formula in complex from was developed for UWB-IR systems
[14]-[15]. The free space path loss model based on average power loss was proposed
for UWB-IR systems [16]. After that, the model based on peak power loss was also
proposed [17]. Moreover, the models based on average and peak power losses and
considered the receivers were proposed [18]. Although these models were derived in
the closed form formulas, there was no consideration about the difference between
both definitions of path loss. There were some researches about ground reflection
path loss models for UWB-IR systems [19]-[23]. The path loss was modeled in the
integral form of narrow band signal but it was not derived in the closed form formula
[20]. Despite the fact that few models were derived as simple closed form formulas,
they were not considered multi-path fading [19], [22]. Some models based on
average power loss were derived but they were not considered model based on
peak power loss [19]-[20], [23]. On the other hand, the model based on peak power
loss was proposed but it was not compared with model based on average power

loss and was not verified by measurement results [21]-[22]. All of these models were



no consideration about the quantity of waveform distortion in the closed form
formula.

For link budget of UWB-IR systems, several researches such as [24] claimed
that the received waveform at receiver antenna terminal is simply considered in the
term of derivative of transmitted waveform at transmitter antenna terminal. These
models are easy and provide initial vision of received waveform but they are not
sufficient for analysis and design. There are some researches about more accurate
modeling of link budget for UWB-IR systems [25)-{32]. The link budget model, which
composed of input admittance of transmitter, transmission impedance and
frequency transfer function of receiver, was proposed in [25). The other models,
which factorized in the term of the frequency transfer functions of transmitter and
receiver antennas based on radar-range equation, was proposed in [26]. The model,
which composed of frequency transfer function of transmitter antenna with channel
and receiver antenna, was proposed in [27]. Next, the models in the term of the
antenna frequency transfer functions in transmission with reciprocity theorem were
developed in [28])-[30]. The other models, which composed of frequency transfer
function of transmitter antenna, channel and receiver antenna, were proposed in
[31)-{32]. Note that these models have the same significance but have the different
notation, factorization and definition of each factor. Moreover, the most models do
not consider a correlation receiver [25)-[27], [29]-[32). Although the correlation
receiver is included in the model of [28], it does not consider the optimum
correlation receiver, which can be considered as the upper boundary of best

performance.

1.4 Objectives and Scope of Research

The objective of this thesis is to mathematically model transmission channels
and evaluate link budget for UWB-IR systems. For transmission channel modeling,
free space and ground reflection path losses are mathematically modeled. The
novel method of derivation is proposed. The formula is based on rectangular
passband waveform, which is the simple UWB-IR waveform [33), and complex form
of Friis’ transmission formula [14)-[15]. In addition, the closed forms of path loss
expressions are derived based on both average and peak power losses for free space
and ground reflection channels. After that, the novel quantitative parameter, peak to
average loss ratio, is proposed and derived in the closed form formula for UWB-IR
transmissions [34]. The peak to average loss ratio is defined as the ratio between
peak power loss and average power loss from transmitter to receiver. Moreover, the
closed form formulas of correlation coefficient using correlation receiver with



transmitted waveform template are derived [35}. The measurement was done and
compared for the ground reflection channel. Moreover, the ground reflection path
loss based on average power loss is compared with the model in [20].

For link budget, a more generalized link budget model for studying the
waveform distortion due to antenna on free space transmission is discussed. The free
space link budget evaluation scheme in the term of frequency transfer function that
takes into account the transmitted waveform, its distortion due to the antennas, the
channel and the correlation receiver is developed. This model is based on Friis’
transmission formula, adapted to the UWB-IR transmission systems [14]-[15]. The
rectangular and root raised cosine passband waveforms are used as the transmitted
waveform. Experimental investigations are done for log-periodic dipole antenna
(LPDA). The distortion quantities in the term of waveform distortion and transmission
gain are defined and shown [36].

1.5 Thesis Organization

This thesis is organized into six chapters. The topic of Chapter 1 is
Introduction. This chapter provides background, motivation, previous works,
objectives and scope of research and thesis organization.

The topic of Chapter 2 is Ultra Wideband Impulse Radio Systems. This chapter
provides introduction, advantages, definition of UWB-IR signal, regulation of UWB-IR
signal, standards of UWB-IR systems and conclusion.

The topic of Chapter 3 is Mathematical Modeling of Free Space Channel. This
chapter describes introduction, transmitted waveform, free space channel, received
waveform, path loss, peak to average loss ration, correlation coefficient, results and
conclusion.

The topic of Chapter 4 is Mathematical Modeling of Ground Reflection
Channel. This chapter describes introduction, transmitted waveform, free space
channel, received waveform, path loss, peak to average loss ration, correlation
coefficient, measurement, results and conclusion.

The topic of Chapter 5 is Link Budget. This chapter describes introduction,
model and theory of link budget evaluation, experimental evaluation of example
UWB-IR antenna link, results and conclusion.

Finally, the topic of Chapter 6 is Conclusion and Future Works. This chapter

gives the conclusions and recommendations for future works.



CHAPTER 2
ULTRA WIDEBAND IMPULSE RADIO SYSTEMS

2.1 Introduction

Wireless communication technologies have became important role due to
they are very comfortable to communicate between equipment in an indoor, office
and home. These wireless communication technologies require high data rate.
Therefore, there are continuous developments to meet this requirement. Ultra
wideband impulse radio (UWB-IR) technology is developed to support this
requirement. UWB-IR technology has very high capacity, low cost and low power
consumption properties [1]-[3].

2.2 Advantages

The interested advantages of UWB-IR systemns are as follow [4].

1) UWB-IR systems have low cost resulted from low complexity of system.
Unlike conventional narrowband systems, UWB-IR systems directly send baseband
pulse. There is no requirement about radio frequency (RF) stage such as modulator,
demodulator, up converter, down converter, local oscillator and phase locked loop
(PLL).

2) UWB-R signal has low power spectral density (PSD) with same as or below
than noise level. This makes unintended detection quite difficult. Therefore, UWB-IR
transmission does not cause significant interference to other narrowband systems.

3) UWB-IR systems are resistant to multi-path fading due to ultra wide
bandwidth of signal obtains huge frequency diversity. This property is suitable for
secure and military applications.

4) UWB-IR signal has high time resolution due to very narrow pulse width in
time domain that obtains good timing precision for localization. This property is
suitable for short-range radar applications such as rescuer and anti-crime operations,
suwe);ing and mining industry.

2.3 Definition of UWB-IR Signal

The Federal Communications Commission (FCC) of USA is defined the UWB-IR
signal that must have main PSD ranging from 3.1 to 10.6 GHz. In addition, the UWB-IR
signal must have occupied bandwidth more than or equal to 500 MHz, or fractional
bandwidth more than or equal to 0.2. The occupied bandwidth f, and fractional

bandwidth are respectively defined as [5]



Hh=ta— Ao (2.1)
fractional bandwidth= zg'i—_—f—“)- , (2.2
Sut /o

where f, and f,; are the lowest and highest frequencies that PSD of signal
decreased 10 dB from maximum level, respectively.

2.4 Regulations of UWB-IR Signal

One of important topic in UWB-IR signal is the frequency regulation, which is
radiation limit and spectral mask. FCC specified the regulation in USA [5]. Similarly,
European Telecommunications Standard Institute (ETSI) and International
Telecommunication Union (ITU) specified the regulation in Europe [6]-[71 and Ministry
of Internal Affairs and Communications (MIC) specified the regulation in Japan [8].
Recently, there is common regulation among FCC, ETSI and MIC [9].

2.4.1 Regulation in USA

FCC allows license-free use of UWB-IR system along the application types of
UWB-IR equipments. The regulation is strictly specified to confirm that UWB-IR signal
would not interference with other narrowband systems.

For radiation limits, FCC specified the limits of PSD radiation for indoor and
outdoor communication applications as shown in Table 2.1. Spectral masks specified
by FCC for indoor and outdoor communication applications are shown in
Figure 2.1 [5].

Table 2.1 Radiation limits specified by FCC for indoor and outdoor communication
applications [5].

Frequency PSD (dBm/MHz) PSD (dBm/MH?2)
(MHz) Indoor communication Outdoor communication

Below 960 -41.3 -41.3
960-1610 -75.3 -75.3
1610-1990 -53.3 -63.3
1990-3100 -51.3 -61.3
3100-10600 -41.3 -41.3
Above 10600 -51.3 -61.3
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Figure 2.1 Spectral masks specified by FCC for indoor and outdoor communication
applications [5].

2.4.2 Regulation in Europe

Beside the radiation limits and spectral masks specified by FCC, There are
other institutes that specified radiation tlimits and spectral masks of UWB-IR signal.
One is ETSI that specified regulation of UWB-IR applications in Europe. First regulation
specifies PSD radiation raging form 3.1 to 10.6 GHz for indoor and outdoor
communication applications same as FCC, but other frequency ranges are linear
slope decreased logarithmically along frequency as shown in Table 2.2. First spectral
masks specified by ETSI for indoor and outdoor communication applications are
shown in Figure 2.2 [6].

Table 2.2 First radiation limits specified by ETSI for indoor and outdoor

communication applications [6].

Frequency f PSD (dBm/MHz) PSD (dBm/MHz)
(GHz) Indoor communication Outdoor communication
Below 3.1 -51.3+87log (£ /3.1) -61.3+87log( £ /3.1)
3.1-10.6 S a3 -41.3
Above 3.6 -51.3+8710g(10.6/ f) -61.3+8710g(10.6/ 1)
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Figure 2.2 First spectral masks specified by ETSI for indoor and outdoor
communication applications [6].

Currently, ETSI modified the radiation limits and spectral masks to be stricter.
New regulation of PSD radiation allows UWB-IR equipments using for only indoor
application. The main frequency rage is reduced to be from 6.0 to 8.5 GHz as shown
in Table 2.3. Current spectral mask specified by ETS! for indoor application is shown
in Figure 2.3 [7].

Table 2.3 Current radiation limit specified by ETSI for indoor application {71.

Frequency (GHz) PSD (dBm/MHz)
Below 1.6 -90
1.6-3.8 -85
3.8-6.0 -70
6.0-8.5 -41.3
8.5-10.6 -65
Above 10.6 -85
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Figure 2.3 Current spectral mask specified by ETSI for indoor application [7].

2.4.3 Regulation in Japan

In Japan, MIC specified the UWB-IR signal has two frequency spectrum ranges,
lower band form 3.4 to 4.8 GHz and upper band from 7.25 to 10.25 GHz, for only
indoor application as shown in Table 2.4. The spectral mask specified by MIC for
indoor application is shown in Figure 2.4 [8].

Table 2.4 Radiation limit specified by MIC for indoor application [8].

Frequency (GHz) PSD (dBm/MHz)

Below 1.6 -90
1.6-2.7 -85
2.7-34 -70
3.4-4.8 -41.3
4.8-7.25 -70
7.25-10.25 -41.3
Above 10.25 -70
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Figure 2.4 Spectral mask specified by MIC for indoor application [8].

2.4.4 Common Regulation

Recently, UWB-IR signal regulation has been approved in other regions as
well. There is common frequency available among FCC, ETSI and MIC. The regulation
of PSD radiation is satisfied all FCC, ETSI and MIC regulations and allows using only
indoor application. The main frequency rage is from 7.25 to 8.5 GHz, while the lowest
frequency of 7.25 GHz is satisfied MIC regulation and highest frequency of 8.5 GHz is
satisfied ETSI regulation as shown in Table 2.5. The common frequency band spectral
mask for indoor application is shown in Figure 2.5 [9].

Table 2.5 Radiation limit of common frequency band for indoor application [9].

Frequency (GHz) PSD (dBm/MHz)

Below 1.6 -90
1.6-3.8 -85
3.8-7.25 -70

7.25-8.5 -41.3
8.5-10.25 -65
10.25-10.6 -70
Above 10.6 -85
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Figure 2.5 Common Frequency band spectral mask for indoor application [9].

2.5 Standards of UWB-IR Systems

There are three standards of UWB-IR: IEEE 802.15.3a for high rate wireless
personal area networks (HR-WPANs) [10], IEEE 802.15.4a for low rate personal wireless
area networks (LR-WPANs) [11] and IEEE 802.15.6 for wireless body area networks
(WBANs) [12].

2.5.1 IEEE 802.15.3a Standard

IEEE 802.15.3a standard improved the data rate of IEEE 802.15.3 standard by
using UWB-IR technique for HR-WPANs with short distance up to 10 m and high data
rate up to 480 Mbps [10]. IEEE 802.15.3a standard was withdrawn in January 2006
because the members of task group were not able to decide between two
technologies, multi-band orthogonal frequency division multiplexing (MB-OFDM) and
direct sequence ultra wideband (DS-UWB).

2.5.2 |EEE 802.15.4a Standard

IEEE 802.15.4a standard utilizes UWB-IR technique for LR-WPANs with long
distance up to about 100 m and low data rate. This standard uses for new
applications that require only moderate data throughput and low cost, but long
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battery life such as wireless sensor networks and high accuracy localization systems.
The transmitted signal is based on very short pulse and estimated to impulse, which
causes the name of UWB-IR [11].

2.5.3 IEEE 802.15.6 Standard

IEEE 802.15.6 standard is new standard for WBANSs. This standard is focus on
medical and consumer electronics applications such as health examination, diagnose
system and pathogen controlling. WBANs operate with low power communication
between body nodes to provide medical and non-medical applications [12].

2.6 Conclusion

UWB-IR systems can be utilized for variety types of wireless applications with
many advantages such as low cost, low PSD, resistant to multi-path fading and high
time resolution. FCC defined the UWB-IR signal as the signal must have occupied
bandwidth more than or equal to 500 MHz, or fractional bandwidth more than or
equal to 0.2. Moreover, FCC, ETS! and MIC strictly specified regulation of UWB-IR
signal to confirm that UWB-IR signal would not interference with other narrowband
systems. Three standards of UWB-IR systems are IEEE 802.15.3a, IEEE 802.15.4a and
IEEE 802.15.6 for HR-WPANSs, LR-WPANs and WBANS, respectively.



CHAPTER 3
MATHEMATICAL MODELING OF FREE SPACE CHANNEL

3.1 Introduction

In this chapter, the free space channel is mathematically modeled for ultra
wideband impulse radio (UWB-IR) systems. The novel method of derivation is
proposed. For free space model, the rectangular passband waveform [33] is used as
transmitted waveform and complex form of Friis’ transmission formula [14]-[15] is
used to characterize free space channel. Next, the received waveform is computed.
In addition, the closed forms of path loss expressions are derived based on both
average and peak power losses. After that, the novel quantitative parameter, peak to
average loss ratio, is proposed and derived in the closed form formula {34].
Moreover, the closed form formulas of correlation coefficient using correlation
receiver with transmitted waveform template are derived [35]. The results are shown
along minimum to maximum bandwidth of signal.

3.2 Transmitted Waveform
UWB-IR transmitted waveform is rectangular passband waveform and its
spectral density ¥, can be written as [33]

fb
N fl-f 1<
(f)= 2f" (3.1)

V.
0 IsI fI>f"

t

where f is frequency, A4 is maximum amplitude of waveform and
f.=(fy + f.)/2 is center frequency. The spectral density of rectangular passband
waveform is shown in Figure 3.1. Spectral density is rectangular in frequency ranging
from — f,; to — f, and from f, to f, with constant magnitude of 4/(2f,). Area

under this graph is equal to A4, which corresponds to maximum amplitude of
waveform at time of 0.
Rectangular passband waveform in time domain v, is calculated by using

inverse Fourier transform of its spectral density and it can be written as

v ()= (F)}= jV (fle’?df, (3.2)



14
where ¢ is time and . ~'{} is inverse Fourier transform operator.
v.f)
A

A
21

- —> f

= Ju “h 0 £ Ju

Figure 3.1 Spectral density of rectangular passband waveform.

From Equations (3.1) and (3.2), rectangular passband waveform in time
domain can be derived as

A ( fu ) Iy
v, (t) __:5}_ .[e”"”df— .[efz"”df
b\ ~fu -h
=i( l ejz,wa 1 ejz,wfl.
21, \ J2mt =i j2mt =fi
_ AN Cpme e\ L L (e -2
21, _mjz(e ) 7rtj2(e )
= AT o) -Lsin(ns z)]
2f, Lt T v
A Jfu Lo
=L L8 sin2af, 1) - L sin(2
L) L intory)- Lo sinte)
=}4-[fH sinc(2 f,t) - £, sinc(2.£,.¢)], (3.3)
b

where function sinc(x) = sin(/x) /(7x) .

Two cases of waveform, minimum and maximum bandwidths, are considered.
The rectangular passband waveform in time domain and its spectral density with
minimum bandwidth f, =500 MHz, center frequency f, =6.85 GHz, lowest
frequency f, =6.60 GHz, highest frequency fy =7.10 GHz and maximum
amplitude 4=1 V are shown in Figures 3.2 and 3.3, respectively. For maximum
bandwidth case, Figures 3.4 and 3.5 respectively show rectangular passband
waveform in time domain and its spectral density with bandwidth f, =7.50 GHz,
center frequency f, =6.85 GHz, lowest frequency f, =3.10 GHz, highest frequency
Ju =10.60 GHz and maximum amplitude 4=1 V.
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3.3 Free Space Channel

For modeling the free space channel, transmitter and receiver antennas are
assumed to be isotropic antenna with gains of 1. Therefore, frequency transfer
function of free space channel H, in the term of complex form of Friis’ transmission
formula can be written as [14]-{15)

C
H - —j27fdlc’ 34
() i Fid (3.4)

where d is distance between transmitter and receiver antennas and ¢ is velocity of
light. This equation is satisfied for both positive and negative frequencies as it
satisfies the causality.

The magnitude and phase of free space channel transfer function with
distance d =1 m are shown in Figures 3.6 and 3.7, respectively. The magnitude is
decreased when frequency is higher and phase is linear.
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Figure 3.6 Magnitude of free space channel transfer function with distance d =1 m.
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Figure 3.7 Phase of free space channel transfer function with distance d =1 m.

3.4 Received Waveform
The spectral density of received waveform for free space channel ¥, is

calculated by using the multiplication between free space channel transfer function
H; and spectral density of transmitted waveform ¥, and it obtains

V. () =H(OV.(f). (3.5)

From Equations (3.1), (3.4) and (3.5), the spectral density of received

waveform can be written as

cA - c
R TR

V. (f)={3%1f1d ﬁ. (3.6)
0 PASASS

The received waveform in time domain v, is calculated by using inverse

Fourier transform of its spectral density and it can be written as



v (O)=F W (1) = IVf(f)e”’"’df.

From Equations (3.6) and (3.7), it obtains

v f(t) _ cA T jZ’;’(t-d/c)f+ J‘ 1 ej27;f(1—d/c)df
" 8nfyd | 11 /|
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(3.7

-fL d
e _}[mcos[b;f t-——— }f+]_}[ msm[ ﬂ(t—:ﬂdf

Ju
cd I—Lcos 2 t—— dr.
47!fbd -/
From Equation (3.8) and setting t = d /¢, it obtains

Ve (t) =

47@7:, I“ —47zfd " )'f-fL_Wb

From Equation (3.8) and setting ¢ # d/c, it obtains

- b2

Ju
_cA 3 fi_
“4mdc‘[2’*f(’ )]

L

f
Ju Ju
8nf,d + f{mco{zqf(t——ﬂdfdﬁ j Jm51n[27y”(t——)]dfdf

(3.8)

Su
(3.9)
F

R T T A

where C;(x) is cosine integral function defined as
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C,(x)= —]% cos(r)dz .

Combining Equations (3.9) and (3.10), the received waveform in the term of closed
form formula can be derived as

7 CAd ln(—fiJ t= i
)= e c

o 2] (2] £

The received waveform in time domain and its spectral density for minimum

(3.11)

bandwidth case are shown in Figures 3.8 and 3.9, respectively. Figures 3.10 and 3.11
show the received waveform and its spectral density for maximum bandwidth case,
respectively.
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Figure 3.8 Received waveform with minimum bandwidth case for free space
channel.
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For studying waveform distortion, Figures 3.12 and 3.13 show the normalized
transmitted waveforms compared with normalized received waveforms for minimum
and maximum bandwidths, respectively. From the figures, the waveform with
minimum bandwidth is almost no distortion, but the waveform distortion can be
clearly investigated for maximum bandwidth case.

— Transmitted waveform
- Recelved waveform

=)

w
]
|

Normalized amplitude
(=]

-0.5

Normalized time

Figure 3.13 Normalized transmitted waveform compared with normalized received
waveform for maximum bandwidth case.

3.5 Path Loss

There are two definitions of path losses: based on average and peak power
losses. The peak power loss and average power loss from transmitter and receiver
are equal for the distortionless condition. However, the distortion of UWB-IR
waveform due to frequency and time dispersion of channel causes the difference.
Therefore, both path losses based on average and peak power losses are necessary
to model. In this section, both path losses are mathematically modeled in the
closed form formulas.



3.5.1 Based on Average Power Loss
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UWB-IR free space path loss based on average power loss PL., in dBis

defined as the ratio between the average power of transmitted and received

waveform in frequency domain and it can be written as

TIV. Y dr
J] L) a |

PL;, =10log| ==

From spectral density of transmitted waveform in Equation (3.1), it obtains

@ 2 B 2 AZ Ju

-BV'UX ¥= 4fe _fJ:,df 412 Ldf
_ A2 Ty
= szz f!df

f|f=fl.

2f2
AZ
C2f,

From spectral density of received waveform in Equation (3.6), it obtains

4t T
64 fbd2 '[fz i+ 64rx szdz '[fz v
A2 Ny 1
i
24t 1™
R
c*4?
=327r2foHfbd2 -

_ﬂVrf (fx df =

S=h

(3.12)

(3.13)

(3.14)

From Equations (3.12) to (3.14), the free space path loss based on average power

loss is derived in the closed form formula and can be written as
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2 2 4 d
PL, =10 1og(£’5f;f—“dj =20 1og(—”—fﬂ—} (3.15)
[ [

This free space path loss based on peak power loss is the same as proposed
in [16].

3.5.2 Based on Peak Power Loss
UWB-IR free space path loss based on peak power loss PL,, in dB is defined

as the ratio between the peak power of transmitted and received waveforms in time
domain and it can be written as

maxjv?(z)
= . 16
PL,, =10 log[ max?, (t) J (3.16)

From transmitted waveform in Equation (3.3), it obtains

max[v,2 (t)]: 4% (3.17)

From received waveform in Equation (3.11), it obtains

ci4? £
max[v:f (t)] = Wlnz (_f_::j—J . (318)

From Equations (3.16) to (3.18), the free space path loss based on peak power loss is
derived in the closed form formula and can be written as

2 r2 32
PL, =10log 1677/ | 20109 —2ed_| (3.19)
clln Z(QJ c ln[f—")
L A
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3.6 Peak to Average Loss Ratio

Study of waveform distortion is necessary for designing optimum UWB-R
systems because the distortion of waveform degrades the performance of correlation
receiver. In this section, the novel quantitative parameter of waveform distortion,
peak to average loss ratio, is proposed and derived in the closed form formula for
free space channel.

The peak to average loss ratio is defined as the ratio between peak power
loss and average power loss from transmitter to receiver antennas. The free space
peak to average loss ratio PAR; in dB can be written as [34]

mandy? ()] - ﬂ L) of

PAR; =10lo
g maxlvrf(t)J .”V (fx df

(3.20)

From Equations (3.13), (3.14), (3.17), (3.18) and (3.20), the free space peak to average
loss ratio is derived in the closed form formula and can be written as

PAR; =20log N S (3.21)

Su
Lfu |
vl 2|

3.7 Correlation Coefficient

For UWB-IR correlation receiver with transmitted template signal, the
correlation coefficient is used to identify the receiver efficiency. The correlation
coefficient is equal to 1 means the efficiency is 100%. In other words, that is the
special case of correlation receiver, which is called as matched filter receiver. The
transmitted template signal is identical with received signal. The correlation
coefficient is decreased when the template signal is more differ. If the correlation
coefficient is equal to 0, that means the template signal is orthogonal with received
signal. There is no signal that can be detected from the receiver. The correlation
coefficient is also applied to analyze the waveform distortion.

In this section, the closed form formula of correlation coefficient is derived
for free space channel. The free space correlation coefficient C; is defined as [35]
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max

:[v;f(t).y, ¢+ 7t

Ce= = = (3.22)

- \/jv,,f(q’d,. [y

-—00

»

where * is the complex conjugate operator. The closed form formula of free space

correlation coefficient can be derived as

C,= /1 / ln(ﬁ*—). (3.23)

3.8 Results

In this section, the comparison between the proposed UWB-IR free space
path loss models based on average and peak power losses are investigated to study
the waveform distortion. After that, the peak to average loss ratio and correlation
coefficient from proposed closed form formulas are shown.
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Figure 3.14 Comparison between free space path loss based on average and peak
power losses.
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For the analyzed parameters, center frequency f, is fixed at 6.85 GHz,
bandwidth f, is varied from 500 MHz to 7.5 GHz and distance d is fixed

at 1 m. These transmitted waveform parameters satisfy the UWB-IR signal defined
by FCC [5].

3.8.1 Path Loss

The obtained UWB free space path losses are shown in Fig. 3.14. The UWB-IR
free space path loss based on peak power loss is slightly higher than that based on
average power loss. At narrow bandwidth, both path losses are almost the same.
There is more difference when the bandwidth is wider. The maximum difference of
path losses is at 7.5 GHz bandwidth. This difference is the same along an
arbitrary distance d. This result reflects that there is almost no waveform distortion
at narrow bandwidth. In addition, there is more waveform distortion when bandwidth
is wider. Moreover, proposed free space path loss based on average power loss
corresponds with path loss model that proposed in [16].
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Figure 3.15 Free space peak to average loss ratio along bandwidth from 500 MHz to
7.5 GHz [34].
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3.8.2 Peak to Average Loss Ratio

Figure 3.15 shows the peak to average loss ratio for free space channel. At
narrow bandwidth, the peak to average loss ratio is approached to zero. In other
words, there is slight distortion of narrow bandwidth waveform for free space
channel. The maximum peak to average loss ratio is 0.54 dB at bandwidth of 7.5 GHz.
The distortion of waveform is caused by frequency dispersion. In addition, the
magnitude of frequency transfer function of free space channel is not constant along
frequency [34].

3.8.3 Correlation Coefficient

The free space correlation coefficient is shown in Figure 3.16. At narrow
bandwidth, the correlation coefficient is approached to 1. The efficiency of
correlation receiver is almost to 100%. The minimum correlation coefficient is 0.94 at
bandwidth of 7.5 GHz [35].
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Figure 3.16 Free space correlation coefficient along bandwidth from 500 MHz to
7.5 GHz [35].
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3.9 Conclusion

In this chapter, free space path loss, peak to average loss ratio and
correlation coefficient are mathematically modeled in the closed form formulas. The
novel method of derivation is proposed. The free space path losses based on
average and peak power losses are almost the same at narrow bandwidth and have
more difference when bandwidth is wider. The peak to average loss ratio is higher
when bandwidth is increased. On the other hand, the correlation coefficient is lower
when bandwidth is increased. These results mean there is more waveform distortion
when the bandwidth is wider, due to frequency dependence of Friis’ transmission
formula. These proposed closed form formulas are useful to define the quantity of
UWB-IR waveform distortion in free space channel.



CHAPTER 4
MATHEMATICAL MODELING OF GROUND REFLECTION
CHANNEL

4.1 Introduction

In this chapter, the ground reflection channel is mathematically modeled for
ultra wideband impulse radio (UWB-IR) systems. The novel method of derivation is
proposed. The rectangular passband waveform [33] is used as transmitted waveform
same as for free space channel and complex form of Friis’ transmission formula [14]-
[15] is applied to characterize ground reflection channel. Next, the received
waveform is computed. In addition, the closed forms of path loss expressions are
derived based on both average and peak power losses. After that, the novel
quantitative parameter, peak to average loss ratio, is proposed and derived in the
closed form formula [34]. Moreover, the closed form formulas of correlation
coefficient using correlation receiver with transmitted waveform template are derived
[35]. The results are shown and verified with measurement. Moreover, the ground
reflection path loss based on average power loss is compared with the model in [20].

4.2 Transmitted Waveform

For ground reflection channel, UWB-IR transmitted waveform is rectangular
passband waveform [33] same as for free space channel. The waveform in
time domain and its spectral density function are in Equations (3.1) and (3.3),
respectively.

4.3 Ground Reflection Channel

The ground reflection channel is considered in the terms of direct and
reflection paths as is shown in Figure 4.1. The distance of direct and reflection paths,
d' and d”, can be respectively calculated from [37)

d' = -h ) +d*, (@.1)
d"=(h +h) +d?, (4.2)

where h and h_ are the heights of transmitter and receiver antennas,

respectively.
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Figure 4.1 Ground reflection channel model.

Furthermore, the complex form Friis’ transmission formula is applied for
ground reflection channel [14}-[15). The transmitter and receiver antennas are also
considered to have one constant gains. Then, the frequency transfer function of
ground reflection channel H, is the addition between frequency transfer functions

of direct and reflection paths and can be written as

H (f)=_1—_e-j215'1' +_f_e-fz:w', (4.3)
: x| fl1 dz| flt"

where I is the reflection coefficient of ground, ¢’ =d’/c is the delay time of direct
path and ¢" =d"/c is the delay time of reflection path. Equation (4.3) can be written
in the term of real and imaginary parts as

| |eos(ean)- Joysin(af)
4z f]

H,(f) =
—cos(27;7’t )—J —sm(27;ft )

[ cos(2nft')+ —cos(27;7’t )} ”

T4z £ { sin(277") + —sm(27!7" )] |

From Equation (4.4), magnitude of ground reflection channel transfer function can be

written as
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[#.()

- 47z1f \/ 1_1'008(279‘7 ')+£,°°S(24ﬁ,)] +[I_I'Sin(27ﬂ)+£"Sin(27ﬁﬂ)]z

. —0052(27gft)+
T4nl 7|

*(27")

+—sm2(27gft )

Isin(2772" )+ smz(27yi )

I [cos2 @2ft')+sin? t’ )]+ — [cos2 (277t") + sin? (279‘2”)]

po [cos(27;ﬁ )cos(27gft )+ sm(27gft )sm(27§ﬁ )]

= | Iz cos(27ngt) (4.5)

where At=¢"—-t" is time difference between time delay of direct and reflection
paths.

=35

i ‘
[l I i

Frequency (GHz)

Figure 4.2 Magnitude of ground reflection channel transfer function with distance
d =1 m, the heights of transmitter and receiver antennas A, = h,=1m.
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From Equation (4.4), phase of ground reflection channel transfer function can be

written as

'

L sin@a)+ Lsin(a)
! (4.6)

ZH,(f)=—tan™ 7 = ,
= cos(27t")+ - cos(27ft")

The magnitude and phase of ground reflection channel transfer function with
distance d =1 m, the heights of transmitter and receiver antennas A, =h, =1 m are
shown in Figures 4.2 and 4.3, respectively. The fluctuation of magnitude and
nonlinear phase caused from interference of ground reflection path can be

investigated.

~2000 | T T T T T T
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Figure 4.3 Phase of ground reflection channel transfer function with distance
d =1 m, the heights of transmitter and receiver antennas A, =h =1 m.
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4.4 Received Waveform

The spectral density of received waveform for ground reflection channel Vee

is calculated by using the multiplication between ground reflection channel transfer
function H, and spectral density of transmitted waveform V,. It obtains

Ve () = He(f)-V,(f). (4.7)

From Equations (3.1), (4.5) and (4.7), the magnitude of spectral density of received
waveform can be written as

2I‘ fb
27fAt < Zb
IV (fx _ 87#!: If”/ ¥ »2 COS( ) "fl f I . (48)

fb
0 W 1=fe >

The received waveform in time domain is considered as the addition between
free space received waveform with direct path distance d =d’ and free space
received waveform with reflection path distance d =d” multiplied by reflection
coefficient I'. Therefore, the received waveform in time domain for ground
reflection channel v, can be written as

v,,g(t) (.9)
IR RIS
o ) i -cla ) o=
4rsz HC LAt (e =0)]-¢ 21, (e~ )] .
* o G- ]-C Rt (=)

The received waveform in time domain and its spectral density for minimum
bandwidth case are shown in Figures 4.4 and 4.5, respectively. For maximum
bandwidth case, Figures 4.6 and 4.7 show the received waveform and its spectral
density, respectively. The waveforms from direct and reflection paths can be
investigated.
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Figure 4.4 Received waveform with minimum bandwidth case for ground reflection
channel.
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Figure 4.5 Spectral density of received waveform with minimum bandwidth case for
ground reflection channel.



37

&

-
|
|

Amplitude (mV)
(-]

]
I

2 -

3 | | ! | | |

Time (ns)

Figure 4.6 Received waveform with maximum bandwidth case for ground reflection
channel.
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Figure 4.7 Spectral density of received waveform with maximum bandwidth case for
ground reflection channel.
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4,5 Path Loss

In this section, path losses based on average and peak power losses are
mathematically modeled in the closed form formulas for ground reflection channel.

4.5.1 Based on Average Power Loss
UWB-IR ground reflection path loss based on average power loss PL,, indB
is defined as the ratio between the average power of transmitted and received

waveforms in frequency domain for ground reflection channel and it can be written
as

WY o
PL,, =10log) =——|. (4.10)

WY o

From spectral density of received waveform in Equation (4.8), it obtains

'/ 2
1[1 r* or
-,{FLT"Jr o cos(27ngt)]df

V. df =
!

)]df

f2 7 tn_2
AL
4 |1l 1"2 2r
= — =+t 27fAt) |d
3272 £ {f!‘f2 {t'z " (2 )J f}
A? 1 2y 2r
BT {(Tﬁ ) 774 )
b
(1, o))
A2 trZ t"2 f fef
= s { >
3271'2 2 S
’ 21: [—!— cos(27fAt) + 27ALS, (27;7’At)]
L f [=A)
( L, ] fo
= 1 s, (4.11)
32x° £, 2r ——cos(27;fLAt)-7—cos(27;fHAI)
rom L
+27AdS, (2f, At)~ 27ALS, (2nf, AL) |
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where S;(x) is sine integral function and defined as
x 1 .
S; (x) = J;sm(r)dr .

From equations (3.13), (4.10) and (4.11), the ground reflection path loss based on
average power loss is derived in the closed form formula and can be written as

PL,
, 3\
2
Lo 1167r s 1 . (4.12)
2 2 t't" L H
\ t 1" ) fufu +27rAtSi(27Zﬂ,At)"2”AtSi (27fHAt) y,

4.5.2 Based on Peak Power Loss
UWB-IR ground reflection path loss based on peak power loss PL,, indBis

defined as the ratio between the peak power of transmitted and received waveforms
in time domain for ground reflection channel and it can be written as

max|v?(r)
PL,_ =101 : . 4.1
ep =10 og( maxy2, () J (4.13)

From received waveform for ground reflection channel in Equation (4.9), it obtains

maxly2. (1] - (4 2 1n(;—z*)+%{ci[2m (-1)]-C. . (e w)]}} (@10

From Equations (3.17), (4.13) and (4.14), the ground reflection path loss based on
peak power loss is derived in the closed form formula and can be written as
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A2

PL,,=10log
({2 s telote-ri-cpan -

= 20log aid . (4.15)

\%1 (jj_:) _-{c 2ty (e~ )] C.l2af, (e - ")}

4.6 Peak to Average Loss Ratio

In this section, the novel quantitative parameter of waveform distortion, peak
to average loss ratio, is proposed and derived in the closed form formula for ground
reflection channel. The peak.to average loss ratio is defined as the ratio between
peak power loss and average power loss from transmitter to receiver antennas. The
ground reflection peak to average loss ratio PAR, in dB can be written as [34]

waii] J=0TY
max[v,g t)J _ﬂV ~y .

PAR, =10log (4.16)

From Equations (3.13), (3.17), (4.11), (4.14) and (4.16), the ground reflection peak to
average loss ratio is derived in the closed form formula and can be written as

S +1202)- 20, £ A0IC, (270 + 27088, (271
fifu l:t” h{%} +T1'C,, (27rAt)}

L

PAR, =10log; ro (4.17)

7

where

Cid(x) = Ci(fo)—Ci (fo)'
Su(x) =S, (fo)“‘Si(fo)-

C.(x) = }I—H— cos(xf;;)- fix_ cos(xf, ).
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4.7 Correlation Coefficient
In this section, the closed form formula of correlation coefficient is derived
for ground reflection channel. The ground reflection correlation coefficient C, is

defined as [35]

max| [v;, () v, (t+ o)

C, = ——= : (4.18)

J ;ﬂv,'g (t]2 dt- j]]v, (t]2 dt

The closed form formula of ground reflection correlation coefficient can be derived

as
- [ (ﬂﬁut Cld(ZﬂAt)}
€= ( b )L ,(4.19)
1 fb "2 L T2 i ]
\/ fit fbt't”{ o 20C, (27A1) - 47Tf, £, A1S,, (27:At)}
where

C, (x) = fLCOS(fo)_ fHCOS(fo)'

4.8 Measurement

The measurement was done to verify proposed mathematical ground
reflection model. The measurement equipment, setup and parameters are the same
as in [38]. The frequency transfer function of ground reflection channel was
measured using a vector network analyzer (VNA). The measurement was done in the
open area, the soccer field of King Mongkut’s Institute of Technology Ladkrabang
(KMITL), Thailand. The metallic plate, zinc plate, was laid on the ground between
transmitter and receiver antennas for the perfect reflection condition (I" = —1). The
measurement setup is shown in Figure 4.8.

The biconical antennas were used as transmitter and receiver antennas.
Figure 4.9 shows the biconical antenna structure. The reflection loss of this antenna
is shown in Figure 4.10. This antenna can be operated in the full band of UBW-IR that
is frequency ranging from 3.1 to 10.6 GHz. Both transmitter and receiver antennas
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The measurement distance d was ranged from 1 to 5 m with 0.25 m
distance increment step. The frequency transfer functions of transmitter and receiver
antennas were evaluated using method that proposed in [39]. The magnitude and
phase of antenna transfer function of biconical antenna are shown in Figures 4.11
and 4.12, respectively. This antenna transfer function was used to remove the
characteristics of transmitter and receiver antennas from measurement frequency
transfer function for obtaining only frequency transfer function of ground reflection
channel.
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Figure 4.12 Phase of antenna transfer function.

4.9 Results

In this section, the proposed UWB-IR ground reflection path loss based on
average and peak power losses, peak to average loss ratio and correlation coefficient
are shown and verified with measurement.
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For the analyzed parameters, the center frequency of waveform £, is fixed at
4.1 GHz. The two cases of signal bandwidths, S, = 0:5 and 1:4 GHz, are investigated.
Therefore, the lowest frequencies f, are equal to 3.85 and 3.40 GHz, while the
highest frequencies f,; are equal to 4.35 and 4.80 GHz for fist and second cases,

respectively. These signal bandwidths are in the lower band, which is specified by
Ministry of Internal Affairs and Communications (MIC) of Japan [8].

4.9.1 Path Loss

Figures 4.13 and 4.14 show the proposed ground reflection path losses based
on average power loss compared with model in [20] and measurement for 0.5 and
1.4 GHz signal bandwidths, respectively. From these figures, the proposed ground
reflection path loss based on average power loss corresponds very well with
measurement and has more accuracy than model in [20], especially at short
distance.

The proposed ground reflection path losses based on peak power loss
compared with measurement for 0.5 and 1.4 GHz signal bandwidths are shown in
Figures 4.15 and 4.16, respectively. Similarly, the proposed ground reflection path
loss base on peak power loss corresponds very well with measurement.
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Figure 4.13 Proposed ground reflection path loss based on average power loss
compared with model in [20] and measurement for bandwidth of
0.5 GHz.
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Figure 4.14 Proposed ground reflection path loss based on average power loss
compared with model in [20] and measurement for bandwidth of

1.4 GHz.
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Figure 4.15 Proposed ground reflection path loss based on peak power loss
compared with measurement for bandwidth of 0.5 GHz.
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Figure 4.16 Proposed ground reflection path loss based on peak power loss
compared with measurement for bandwidth of 1.4 GHz.

4.9.2 Peak to Average Loss Ratio

Figures 4.17 and 4.18 show the comparison between peak to average loss
ratio from proposed formula and measurement with 500 MHz and 1.4 GHz
bandwidths, respectively. Unlike with free space channel, the peak to average loss
ratio of wide bandwidth is less than that of narrow bandwidth because the main
waveform distortion causes from time dispersion or multi-path fading. Therefore, the
UWB-IR systems are robust to multi-path fading more than narrowband systems. The
distortion of waveform is also dependent on distance [34].

4.9.3 Correlation Coefficient

Figures 4.19 and 4.20 show the comparison between correlation coefficient
from proposed formula and measurement with 500 MHz and 1.4 GHz bandwidths,
respectively. The efficiency is significantly decreased compared with free space
channel because-of multi-path fading. The wide bandwidth has effect from multi-
path fading along distance less than narrow bandwidth [35]. In addition, the narrow
bandwidth with wide pulse has probability of overlap between direct and reflection
pulses more than the wide bandwidth with short pulse.
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Figure 4.17 Comparison between ground reflection peak to average loss ratio from
proposed formula and measurement with bandwidth of 500 MHz [34].
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Figure 4.18 Comparison between ground reflection peak to average loss ratio from
proposed formula and measurement with bandwidth of 1.4, GHz [34].
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Figure 4.19 Comparison between ground reflection correlation coefficient from
proposed formula and measurement with bandwidth of 500 MHz [35].
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Figure 4.20 Comparison between ground reflection correlation coefficient from
proposed formula and measurement with bandwidth of 1.4 GHz [35].
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4.10 Conclusion

In this chapter, ground reflection path loss, peak to average loss ratio and
correlation coefficient are mathematically modeled in the closed form formulas. The
novel method of derivation is proposed. The measurement was done to verify the
proposed model and compared with model in [20] for the path loss based on
average power loss. The results reflect that the wider bandwidth has lower effect of
multi-path fading. Therefore, the waveform distortion is reduced when bandwidth is
wider. All of proposed formulas, path loss based on average and peak power loss,
peak to average loss ratio, correlation coefficient, correspond very well with
measurement. Therefore, the proposed model is accurate and can be a choice for
modeling the ground reflection channel.



CHAPTER 5
LINK BUDGET

5.1 Introduction

In ultra wideband impulse radio (UWB-IR) systems, antennas usually act as
significant pulse shaping filters and cause extreme waveform distortion. Moreover,
low cost, geometrically small and still efficient antennas are required for the UWB-IR
applications. Therefore, the link budget that considers the distortion due to antennas
is important to design and improve the performance of UWB-IR systems.

In this chapter, a more generalized link budget model for studying the
waveform distortion due to antenna on free space transmission is discussed. The free
space link budget evaluation scheme in the term of frequency transfer function that
takes into account the transmitted waveform, its distortion due to the antennas, the
channel and the correlation receiver is developed. This model is based on Friis’
transmission formula, adapted to the UWB-IR transmission systems [14]-[15]). The
rectangular and root raised cosine passband waveforms are used as the transmitted
waveform. The received waveform from receiver antenna and output waveform of
correlation receiver for each case is evaluated. Experimental investigations are done
for log-periodic dipole antenna (LPDA). The distortion quantities in the term of
waveform distortion and transmission gain are defined and shown [36).

5.2 Model and Theory of Link Budget Evaluation

In this chapter, the short-range communication in line-of-sight (LOS) scenario
is assumed, where other multi-path components are often less influential to the
channel frequency transfer function. Therefore, the propagation channel is assumed
to be free space, although it is rather straightforward to extend the discussion to
double directional channel model [40]-[41].

5.2.1 Transmission System Model
The Friis’ transmission formula [13] has been widely used to evaluate a link
budget for narrowband LOS channels. The Friis’ transmission gain Gy, is defined as

_R()
GFriis(-f) - Pt(f)'

=G,(£,4)6.(f..)G.(f.2 ), (1), (5.)
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where P, and P, respectively are the input power to the transmitter antenna and
the output power from the receiver antenna, G, and G, respectively are effective
gains of transmitter and receiver antennas, G, is the free space propagation gain and

1, is the polarization matching efficiency. The free space propagation gain can be

written as

G, (f,d) =( 47;1,) . (5.2)

Figure 5.1(a) shows the block diagram of Equation (5.1). In Figure 5.1(a), P
is the effective isotropic radiation power from transmitter antenna toward £,

direction and P**® is the effective isotropic received power at receiver antenna.

P(f)—»{G.(r.2,) Rt G(f.d) | E0)] G.(f.2,) > P(f)

(a) Power representation in Equation (5.1)

H)— 2 ) L2 ) B0 e (0l )

(b) Electric field representation in Equation (5.3)

Figure 5.1 Block diagram of Friis’ transmission formula.

It is noted, however, that Equation (5.1) is satisfied only at some frequency,
and is not directly applied to the UWB-IR transmission system. The formula shall be
extended to take account the transmitted waveform, its distortion due to the
antennas, the channel and the correlation receiver [14]-[15].
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For UWB-IR systems, the free space link budget is formulated in the term of
frequency transfer function that takes into account the transmitted waveform, its
distortion due to the antennas, the channel and the correlation receiver. Free space
channel transfer function H_ including the antennas is obtained by using the

extension of Friis’ transmission formula as [36]
Hc(f)=Hf(.f’d)Ht(f’Qt)'Hr(.f’Qr)’ (53)

where H; is the free space channel transfer function and is defined in Equation
(3.4), H, (a=t or r)is a complex transfer function vector of the antenna relative to

the isotropic antenna towards the Q, =(6,,¢,) direction, i.e.

Ha(f’ﬂa) =Ha(.f’ea!¢a)
= éaHae(.f’ea’(oa)-*-(i’aHacp(.f9en’(oa): (54)

which has the relation as

2xx

= [ 80 sinbiddp =1, (55)
4 00

where 7, is the antenna efficiency, so the value is normalized by that for isotropic
antenna. '

It is noted that Equation (5.2) is often used in the free space link budget
evaluation, although it is not correct in the electromagnetic theory [30]. The
dependency of f is not really the propagation loss, but is due to the change
of reception area of receiver antenna for the same gain. In other words, this
is the compensation of the use of the relative gains of the antennas, ie.
G,(f,2,)=G.(f,L,), when the same antennas are used as transmitter and
receiver antennas.

Unit vectors éa and @, express the polarizations and are defined with
respect to the local polar coordinates of the antennas. The following relations can

be easily derives as

(5.6)

(f)( = _(i)r . (5.7)
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By introducing vector notation 77, in Equation (5.1), it is implicitly taken into

account. For the identical transmitter and receiver antennas satisfying Equations (5.6)
and (5.7), the complex transfer functions of transmitter and receiver antennas can be
written as [36]

H(f)=H(f)= —;If’(%) (58)
f\J>

The factorization of channel transfer function H, of Equation (5.3) and the

complex transfer function of identical transmitter and receiver antennas of Equation
(5.8) are mathematically corrected in the sense of identical transmitter and receiver
antennas should have same gains. However, the factors H,, H; and H, are not

separated physically. In physical situation, H, transfer the transmitting voltage (V) to
the electric field (V/m) and H, transfer the electric field (V/m) to received voltage
(V). Physically, the factors H, and H, should have different units and forms.

Figure 5.1(b) shows the block diagram of Equation (5.3). In Figure 5.1(b), E¢*f
is the effective isotropic radiated field vector from transmitter antenna toward £,
direction and E*f is the effective isotropic received field vector of receiver

antenna.
The received input waveform v, is given by

v O = [HOW (e 5.9

5.2.2 Correlation Receiver

The block diagram of transmission model is shown in Figure 5.2. The output
signal-to-noise ratio (SNR) is dependent of the choice of the template waveform. The
correlator output v, is therefore expressed as

v,(7)= Tv, ®Oh,(t—7)d7, (5.10)

-0

where h, is the template waveform and 7= corresponds to the timing of the

template waveform. The optimum timing = is chosen as

v, (@)]. (5.11)

T, = arg[max
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Hereafter A, is normalized as

12,01 de=25,. (5.12)

Therefore, the output noise power is a constant as N, f,, where N, /2 is the power

spectral density (PSD) of additive white Gaussian noise (AWGN).

Transmitter Receiver
antenna antenna
—d—»
v,(t)
v,(t) =®—> [ ar > v (t)
A
Template
waveform

Figure 5.2 Block diagram of transmission model for UWB-IR signal.

Under the constraint of Equation (5.12), A, maximizes v, when A, is a

time-reversed and scaled version of v,, i.e. [36]

B (1) = J2hv G 20 , (5.13)

«©

fiv. 1 ar

-

where 7, is usually chosen so that A, =0 for t<0 to satisfy the causality.
Hereafter, h,,, is called as the received signal template waveform. It is noted that
the link budget evaluation is identical to that in [15] when A, is used as the

received signal template waveform.
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5.2.3 Feasibility of Optimum Correlation Receiver

It is obvious from Equation (5.13) that the received signal template waveform
is not the simple time-reversed version of the transmitted waveform, but includes
the frequency characteristics of the antennas and the free space propagation.
Therefore, it is not always feasible to adapt the template waveform to the angular-
dependent antenna characteristics, since the waveform shall be generated at the
clock rate at least twice as high as the highest frequency of the signal. Therefore, a
canonical template waveform h, is considered. In this section, A, is chosen that is

optimum for the isotropic and the constant gain antennas, i.e. [36]

\/ 2fb Veiso (To - t) (5.14)

\/ Tuan O e

hwc (t) =

where the receiver input voltage for the case of isotropic antennas used in both

sides v,,,, can be written as

S0

()= [HFdW (e (5.15)

5.2.4 Waveform Distortion

The waveform distortion is considered in the term of distortion between
received waveform and received waveform for the case of isotropic antennas used in
both sides and it can be written as [36]

max

]lv: (t)vr—iso (t + T)d‘l'

W=1- (5.16)

\/ v rde- v, e

This quantity is equal to 0 when two waveforms are identical and it is
increased when the waveform is more differ from another.
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5.2.5 Transmission Gain

The transmission gain in this section is defined as the peak amplitude of the
correlator output with the considered antennas normalized by that with the pair of
isotropic antennas. Due to the normalization of template waveforms in Equations
(5.13) and (5.14), this gain value represents the gain of SNR ratio. Therefore, the
transmission gain of the received signal template case G, in dBi can be written as
[36])

«©

(%, Oy (£ - )t

-0

[Veio (O (2 —7)dt

—0

max|

G, =20log (5.17)

max

Similarly, the transmission gain of the isotropic template case G, in dBi can
be written as [36]

max ]'v, Oh, (t—7)dt

-0

[Veiso (Vg (=)t

—0

(5.18)

G,. =20log

max|

The difference between the transmission gain of the received signal and the
isotropic template cases also indicates the distortion quantity of the waveform.
Different from the original Friis’ transmission formula, the optimum transmission gain
of UWB-IR signal cannot be simply expressed by the product of antenna indices.

5.3 Experimental Evaluation of Example UWB-IR Antenna Link
In this section, LOS link with the LPDA is evaluated based on the previous

section.

5.3.1 Transmitted Waveforms

The effect of the waveform distortion is more obvious when the bandwidth is
wider. The transmitted waveforms that fully cover Federal Communications
Commission (FCC) frequency band, i.e., 3.1 to 10.6 GHz [5] and common frequency
band available among the FCC of USA, European Telecommunications Standard
Institute (ETSI) in Europe and Ministry of Internal Affairs and Communications (MIC) of
Japan, i.e.,, 7.25 to 8.5 GHz [9] are considered.
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In this section, the rectangular passband waveform is used as the transmitted
waveform same as Chapters 2 and 3, but the waveform is in the simpler equation.
The spectral density of rectangular passband waveform ¥, . is defined as

Jo
v.()={! 1=l (5.19)

0 otherwise

For satisfying the FCC spectral masks for indoor and outdoor limits, the center
frequency f, and bandwidth f, are set to 6.85 and 7.50 GHz, respectively. For
satisfying the common frequency band spectral mask, the center frequency f, and
bandwidth f, are set to 7.875 and 1.250 GHz respectively.

For analysis of waveform distortion, the root raised cosine passband
waveform is used to compare with rectangular passband waveform. The spectral

density of root raised cosine passband waveform ¥, is defined as

l-a
1 W fl-f 1< T
1 al -« l-a l+a
Vi(f)=1 \/—2-[1 + cos(;[u f1-1.] —77,—m - A 1-f 1= 620
0 otherwise
L

where T =1/ f, is the reciprocal of the symbol rate and a=0.3 is the roll-off
factor. For satisfying the FCC spectral mask, the center frequency f, is set to 6.85
GHz. The bandwidths f, are set to 6.37 and 5.94 GHz for satisfying FCC spectral
masks for indoor and outdoor limits. For satisfying the common frequency band
spectral mask, center frequency f, and bandwidth f, are set to 7.877 and 0.975
GHz, respectively.

5.3.2 Experimental Setup and Measurement Model

The UWB-IR radio channel transfer function was measured using vector
network analyzer (VNA) in an anechoic chamber. Ports 1 and 2 of VNA were
transmitter and receiver ports, respectively. Both transmitter and receiver antennas
were fixed at the height of 1.75 m and separated by 3 m.
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The waveform distortion of LPDA-LPDA link is shown in Figure 5.9. Averagely,
the waveform distortion of waveform satisfying FCC spectral mask is more than that
satisfying common frequency band spectral mask, especially at 0° pointing angle.
The values of waveform distortion of waveform satisfying FCC and common
frequency band at 0° pointing angle are 0.50 and 0.04, respectively.

0 —— FCC spectral mask

270°

---=-= Common frequency band spectral mask

Figure 5.9 Waveform distortion of LPDA-LPDA link.

5.4.3 Transmission Gain

In this section, transmission gains of correlation receivers for both received
signal and isotropic templates are considered. For correlation receiver with received
signal template, the transmission gain is evaluated using Equation (5.17). This
transmission gain reflects the maximum gain case of LPDA-LPDA link. The
transmission gain of correlation receivers with isotropic template is evaluated using
Equation (5.18). This transmission gain reflects the maximum gain case of isotropic
antenna link. Therefore, the difference between transmission gains with received
signal and isotropic templates can be used to consider the distortion caused from
LPDA compare with isotropic antenna, which is ideal distortionless antenna.
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Figures 5.10 and 5.11 show the transmission gains of waveforms satisfying FCC
and common frequency band spectral masks, respectively. The difference between
transmission gains of waveform satisfying FCC spectral mask is clearly more than that
satisfying common frequency band spectral mask. The average difference of
transmissions gains of waveform satisfying FCC and common frequency band spectral
masks are 3.32 and 0.20 dB, respectively. This concludes that the waveform satisfying
FCC spectral mask has more distortion than that satisfying common frequency band
spectral mask. The waveform satisfying FCC spectral mask has significant distortion
with waveform distortion of 0.50 and difference between transmission gains of 6.05
dB at 0° pointing angle. On the other hand, the waveform satisfying common
frequency band spectral mask has low distortion with waveform distortion of 0.04
and difference between transmission gains of 0.32 dB at 0° pointing angle. This is
because the frequency ranging from 3.1 to 10.6 GHz of FCC spectral mask is much
wider than frequency ranging from 7.25 to 8.5 GHz of common frequency band
spectral mask. in addition, the trend of frequency dispersion in FCC spectral mask is
higher.

.

0 — Recelved signal template

270"

180 ceeee- Isotropic template

Figure 5.10 Transmission gain of LPDA-LPDA link for FCC spectral mask.
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0 ? Recelved signal template

180" . Isotroplc template

Figure 5.11 Transmission gain of LPDA-LPDA link for common frequency band
spectral mask.

5.5 Conclusion

In this chapter, link budget model for studying the waveform distortion due
to antenna on free space transmission is discussed. The rectangular and root raised
cosine passband waveforms are considered as transmitted waveform. For the
receiver, the correlation receivers with received signal and isotropic templates are
investigated. Experimental investigations are done for LPDA link. The results of
rectangular passband waveform, which is the ideal éignal and easier analysis, are
almost the same as that of root raised cosine passband waveform, which is the
causal signal. Therefore, the rectangular passband waveform can be used as UWB-IR
transmitted signal. Averagely, the waveform distortion and difference between
transmission gains of waveform satisfying FCC spectral mask is more that that
satisfying common frequency band spectral mask, especially at 0° pointing angle.
This is because the bandwidth of FCC frequency band is much wider than that of
common frequency band. The trend of frequency dispersion is higher.



CHAPTER 6
CONCLUSION AND FUTURE WORKS

6.1 Summary of Proceeding Chapters

This thesis presents a mathematical model of free space and ground
reflection channels and evaluation of link budget for ultra wideband impulse radio
(UWB-IR) systems. The closed form formulas and experimental link budget scheme
are proposed.

Chapter 2 describes the basic principle of UWB-IR system. The advantages,
definition and regulation of UWB-IR signal and standards of UWB-IR systems are
presented.

Chapter 3 proposes the mathematical model of free space channel. The
novel method of derivation is proposed. The path losses based on average and peak
power losses, peak to average loss ratio and correlation coefficient are derived in the
close form formulas. The free space path losses based on average and peak power
losses are almost the same at narrow bandwidth and have more difference when
bandwidth is wider. The peak to average loss ratio is higher when bandwidth is
increased. On the other hand, the correlation coefficient is lower when bandwidth is
increased. These results mean there is more waveform distortion when the
bandwidth is wider, due to frequency dependence of Friis’ transmission formula.
These proposed closed form formulas are useful to study the path loss along
different bandwidth of UWB-IR signal and define the quantity of UWB-IR waveform
distortion in free space channel.

Chapter 4 proposes the mathematical model of ground reflection channel.
The novel method of derivation is proposed. The path losses based on average and
peak power losses, peak to average loss ratio and correlation coefficient are derived
in the close form formulas. The measurement was done to verify the proposed
ground reflection model. The results reflect that the wider bandwidth has lower
effect of multi-path fading. Although the frequency dispersion of wider bandwidth is
more than that of narrower bandwidth, the effect of multi-path fading on waveform
distortion is more significant than that of frequency dispersion. Therefore, the
waveform distortion is reduced when bandwidth is wider. All of proposed formulas,
path loss based on average and peak power loss, peak to average loss ratio,
correlation coefficient, correspond very well with measurement. Therefore, the
proposed model is accurate and can be a choice for modeling the ground reflection
channel.
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Chapter 5 discusses experimental link budget evaluation scheme for UWB-IR
systems. The more generalized link budget model for studying the waveform
distortion due to antenna on free space transmission is discussed. The free space link
budget evaluation scheme in the term of frequency transfer function that takes into
account the transmitted waveform, its distortion due to the antennas, the channel
and the correlation receiver is developed. The rectangular and root raised cosine
passband waveforms are used as the transmitted waveform. The waveform satisfying
FCC spectral masks for indoor and outdoor limits and common frequency band
spectral mask are considered. The correlation receivers with received signal and
isotropic templates are used. Experimental investigations are done for log-periodic
dipole antenna (LPDA). The distortion quantities in the term of waveform distortion
and transmission gain are defined and shown.

The results of rectangular passband waveform, which is the ideal signal and
easier analysis, are almost the same as that of root raised cosine waveform, which is
the causal signal. Therefore, the rectangular passband waveform can be used as
UWB-IR transmitted signal. Averagely, the waveform distortion and difference
between transmission gains of waveform satisfying FCC spectral mask is more than
that satisfying common frequency band spectral mask, especially at 0° pointing
angle. This is because the bandwidth of FCC frequency band is much wider than that
of common frequency band. The trend of frequency dispersion is higher.

From these results, the UWB-IR transmission gain, using both received signal
and isotropic template waveforms, gives the quantitative measurement of link
budget. Sine the broadband antennas are chosen, the trend of the narrowband gain
is reflected in the UWB-IR transmission gain. Another issue is the distortion due to the
antennas. It is obvious that although LPDA has higher transmission gain, the distortion
due to the LPDA is high. This scheme may be effective especially to evaluated the
deployable antenna with non-ideal frequency characteristics of return loss and
directivity, as the overall performances can be evaluate only by the term of UWB-IR
transmission gain.

6.2 Recommendation for Future Works

This proposed free space and ground reflection models can be used as UWB-
IR channel to analyze the performances of UWB-IR systems. Moreover, the same
method of derivation can be extended to model the multi-path fading channel.

This proposed experimental link budget evaluation scheme can be easily
extended to the multi-path environment as well. There are two key issues: one is
the focus of this paper, i.e. the antenna transfer function is angular-dependent. The
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other one is that the propagation channel is also angular dependent at both
transmitter and receiver antennas. In the context of UWB-IR systems, just a few
studies have been done with respect to the fist aspect, and almost none for the
second. Although both antenna and multi-path channels are treated in [28], it only
considered the impulse response of the whole channel. However, the impulse
response itself is influenced by the antennas, the formulation for multi-path
environment is not sufficient. The double-directional modeling of UWB-IR channel is
studied in [40]-{41]. Due to this background, the multi-path environment can be
treaded using this approach. The use of rake receiver may solve the antenna
distortion and delay spread of propagation environment simultaneously.
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APPENDIX

A.1 Transmitted Waveforms

The normalized rectangular passband waveform and normalized spectral
density satisfying the FCC spectral masks for indoor and outdoor limits are shown in
Figures A.1 and A.2, respectively. The normalized rectangular passband waveform
and normalized spectral density satisfying the common frequency band spectral
mask are shown in Figures A.3 and A.4, respectively.

The normalized root raised cosine passband waveform and normalized
spectral density satisfying the FCC spectral mask for indoor limit are shown in Figures
A5 and A.6, respectively. Figures A.7 and A.8 show the normalized root raised cosine
passband waveform and normalized spectral density satisfying the FCC spectral mask
for outdoor limit, respectively. The normalized root raised cosine passband
waveform and normalized spectral density satisfying the common frequency band
spectral mask are shown in Figures A.9 and A.10, respectively.
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Figure A.1 Normalized rectangular passband waveform satisfying FCC spectral masks
for indoor and outdoor limits.
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A.2 Received Waveform from Receiver Antenna

In this section, received waveforms used to consider the received and
isotropic signal templates at 0° pointing angle are evaluated and shown. For
received signal template, the receive waveforms for the case of LPDA link are
computed using Equation (5.9) The received waveform with rectangular passband
transmitted waveform satisfying the FCC spectral masks for indoor and outdoor limits
is shown in Figure A.11. Figure A.12 shows the received waveform with rectangular
passband transmitted waveform satisfying the common frequency band spectral
mask. For root raised cosine passband transmitted waveform, the received
waveforms satisfying the FCC spectral masks for indoor and outdoor limits are shown
in Figures A.13 and A.14, respectively. Figure A.15 shows the received waveform
satisfying the common frequency band spectral mask.
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Figure A.15 Received waveform with root raised cosine passband transmitted
waveform satisfying the common frequency band spectral mask.

For isotropic signal template, the receive waveforms for the case of isotropic
antenna link, isotropic waveform, are computed using Equation (5.15) The isotropic
waveform with rectangular passband transmitted waveform satisfying the FCC
spectral masks for indoor and outdoor limits is shown in Figure A.16. Figure A.17
shows the isotropic waveform with rectangular passband transmitted waveform
satisfying the common frequency band spectral mask. The isotropic waveforms with
root raised cosine passband transmitted waveforms satisfying the FCC spectral masks
for indoor and outdoor limits are shown in Figures A.18 and A.19, respectively. Figure
A.20 shows the isotropic waveform with root raised cosine passband transmitted
waveform satisfying the common frequency band spectral mask. From these Figures,
the isotropic waveform has less distortion compared with received waveform
because there is no effect of transmitter and receiver antennas. These waveforms are

used to evaluate the waveform distortion.
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waveform satisfying the FCC spectral mask for indoor limit.
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Figure A.19 Isotropic waveform with root raised cosine passband transmitted
waveform satisfying the FCC spectral mask for outdoor limit.
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Figure A.20 Isotropic waveform with root raised cosine passband transmitted
waveform satisfying the common frequency band spectral mask.

A.3 Output Waveform of Correlation Receiver

In this section, output waveforms of correlation receivers with received signal
and isotropic templates at 0° pointing angle are evaluated and shown. For
correlation receiver with received signal template, the output waveform with
rectangular passband transmitted waveform satisfying the FCC spectral masks for
indoor and outdoor limits is shown in Figure A21. Figure A.22 shows the output
waveform with rectangular passband transmitted waveform satisfying the common
frequency band spectral mask. For root raised cosine passband transmitted
waveform, the output waveforms satisfying the FCC spectral masks for indoor and
outdoor limits are shown in Figures A.23 and A.24, respectively. Figure A.25 shows the
output waveform satisfying the common frequency band spectral mask.
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Figure A.21 Output waveform with rectangular passband transmitted waveform and
received signal template satisfying the FCC spectral masks for indoor

and outdoor timits.
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Figure A.22 Output waveform with rectangular passband transmitted waveform and

received signal template satisfying the common frequency band

spectral mask.
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Figure A.25 Output waveform with root raised cosine passband transmitted
waveform and received signal template satisfying the common
frequency band spectral mask.

For correlation receiver with isotropic template, the output waveform with
rectangular passband transmitted waveform satisfying the FCC spectral masks for
indoor and outdoor limits is shown in Figure A.26. Figure A.27 shows the output
waveform with rectangular passband transmitted waveform satisfying the common
frequency band spectral mask. The output waveforms with root raised cosine
passband transmitted waveforms satisfying the FCC spectral masks for indoor and
outdoor limits are shown in Figures A.28 and A.29, respectively. Figure A.30 shows the
output waveform with root raised cosine passband transmitted waveform satisfying
the common frequency band spectral mask. From these Figures, the output
waveforms of correlation receiver with received signal template have more peak

amplitude than that of correlation receiver with isotropic template.
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Figure A.26 Output waveform with rectangular passband transmitted waveform and
isotropic template satisfying the FCC spectral masks for indoor and
outdoor limits.
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Figure A.27 Output waveform with rectangular passband transmitted waveform and
isotropic template satisfying the common frequency band spectral
mask.
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Figure A.30 Output waveform with root raised cosine passband transmitted
waveform and isotropic template satisfying the common frequency
band spectral mask.

For correlation receiver with isotropic template and receive waveforms for
the case of isotropic antenna link, the output isotropic waveform with rectangular
passband transmitted waveform satisfying the FCC spectral masks for indoor and
outdoor limits is shown in Figure A.31. Figure A32 shows the output isotropic
waveform with rectangular passband transmitted waveform satisfying the common
frequency band spectral mask. The output isotropic waveforms with root raised
cosine passband transmitted waveforms satisfying the FCC spectral masks for indoor
and outdoor limits are shown in Figures A.33 and A.34, respectively. Figure A.35
shows the output isotropic waveform with root raised cosine passband transmitted
waveform satisfying the common frequency band spectral mask. These waveforms
are used to normalize for evaluating transmission gain as defined in Section 5.2.5.
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Figure A.31 Output waveform with rectangular passband transmitted waveform and
isotropic template satisfying the FCC spectral masks for indoor and
outdoor limits.
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Figure A.32 Output waveform with rectangular passband transmitted waveform and
isotropic template satisfying the common frequency band spectral
mask.
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Figure A.33 Output waveform with root raised cosine passband transmitted
waveform and isotropic template satisfying the FCC spectral mask for

indoor limit.
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Figure A.35 Output waveform with root raised cosine passband transmitted
waveform and isotropic template satisfying the common frequency
band spectral mask.

A.4 Waveform Distortion

In this section, waveform distortion of each case is evaluated using Equation
(5.16) and shown. The waveform distortion of rectangular passband waveform
satisfying the FCC spectral masks for indoor and outdoor limits is shown in Figure
A.36. Figure A.37 shows the waveform distortion of rectangular passband waveform
satisfying the common frequency band spectral mask. The waveform distortions of
root raised cosine passband waveforms satisfying the FCC spectral masks for indoor
and outdoor limits are shown in Figures A.38 and A.39, respectively. Figure A.40
shows the waveform distortion of root raised cosine passband waveform satisfying
the common frequency band spectral mask.
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Figure A.36 Waveform distortion of rectangular passband waveform satisfying the
FCC spectral masks for indoor and outdoor limits.

270"

Figure A.37 Waveform distortion of rectangular passband waveform satisfying the
common frequency band spectral masks.
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Figure A.38 Waveform distortion of root raised cosine passband waveform satisfying
the FCC spectral mask for indoor limit.
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Figure A.39 Waveform distortion of root raised cosine passband waveform satisfying

the FCC spectral mask for outdoor limit.
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180

Figure A.40 Waveform distortion of root raised cosine passband waveform satisfying
the common frequency band spectral mask.

A5 Transmission Gain

Transmission gains of correlation receivers for both received signal and
isotropic templates are considered. For correlation receiver with received signal
témplate, the transmission gain is evaluated using Equation (5.17). The transmission
gain of rectangular passband waveform with received signal template satisfying the
FCC spectral masks for indoor and outdoor limits is shown in Figure A.41. Figure A.42
shows the transmission gain of rectangular passband waveform with received signal
template satisfying the common frequency band spectral mask. The transmission
gains of root raised cosine passband waveforms with received signal template
satisfying the FCC spectral masks for indoor and outdoor limits are shown in Figures
A43 and A.44, respectively. Figure A.45 shows the transmission gain of root raised
cosine passband waveform with received signal template satisfying the common

frequency band spectral mask.
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270

Figure A.41 Transmission gain of rectangular passband waveform with received
signal template satisfying the FCC spectral masks for indoor and outdoor
limits.

Figure A.42 Transmission gain of rectangular passband ‘waveform with received
signal template satisfying the common frequency band spectral
mask.
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Figure A.43 Transmission gain of root raised cosine passband waveform with

received signal template satisfying the FCC spectral mask for indoor
limit.

Figure A.44 Transmission gain of root raised cosine passband waveform with

received signal template satisfying the FCC spectral mask for outdoor
limit.
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Figure A.45 Transmission gain of root raised cosine passband waveform with
received signal template satisfying the common frequency band
spectral mask,

Finally, transmission gain of correlation receivers with isotropic template is
evaluated using Equation (5.18). The transmission gain of rectangular passband
waveform with isotropic template satisfying the FCC spectral masks for indoor and
outdoor limits is shown in Figure A.46. Figure A.47 shows the transmission gain of
rectangular passband waveform with isotropic template satisfying the common
frequency band spectral mask. The transmission gains of root raised cosine passband
waveforms with isotropic template satisfying the FCC spectral masks for indoor and
outdoor limits are shown in Figures A.48 and A.49, respectively. Figure A.50 shows the
transmission gain of root raised cosine passband waveform with isotropic template
satisfying the common frequency band spectral mask.



101

Figure A.46 Transmission gain of rectangular passband waveform with received

signal template satisfying the FCC spectral masks for indoor and outdoor
limits.

270"

Figure A.47 Transmission gain of rectangular passband waveform with received

signal template satisfying the common frequency band spectral
mask.
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180"
Figure A.48 Transmission gain of root raised cosine passband waveform with

received signal template satisfying the FCC spectral mask for indoor
limit.

Figure A.49 Transmission gain of root raised cosine passband waveform with

received signal template satisfying the FCC spectral mask for outdoor
limit.
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Figure A.50 Transmission gain of root raised cosine passband waveform with
received signal template satisfying the common frequency band
spectral mask.
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The closed form formula of correlation coefficient for ground reflection channel Cg can
be derived as

£ in (f) + & [0 (2efa) - i (2eheed)))
Cg = - ’ (8)

ere (P20 G () — i [ () s, (2523

where Ad = d” — d’ is the difference between direct and reflection paths, Cr(z) = frcos(zfu) —
fucos(zfL), Ci(z) = — [° 1 cos(r)dr and Si(z) = & Lsin(7)dr are cosine integral and sine
integral functions, respectively.

3 Measurement

The measurement equipment, setup and parameters are the same as in [6]). The fre-
quency transfer function of ground reflection channel was measured using a vector network
analyzer (VNA). The measurement was done in the open area that is the soccer field of King
Mongkuts Institute of Technology Ladkrabang (KMITL), Thailand. The metallic plate was laid
on the ground between Tx and Rx antennas for the perfect reflection condition (I'=-1).

The biconical antennas were used as Tx and Rx antennas. Both Tx and Rx antennas
were fixed at the height of k¢ = h; = 0.75 m with horizontal polarization for focusing the signal
from direct and ground reflection paths. The measurement distance d was ranged from 1 to 5m
with 0.25 m distance increment step. The frequency transfer functions of Tx and Rx antennas
were evaluated by using three-antenna method [7] and were used to remove from the measure-
ment frequency transfer functions of the ground reflection channels. The center frequency of
waveform fe is fixed at 4.1 GHz. The two cases of signal bandwidths are investigated, that are
fo=0.5 and 1.4 GHz.

4 Results

For free space channel, parameters f. is fixed at 6.85 GHz and fv is varied from 500
MHz to 7.5 GHz. Figure 1 shows the correlation coefficient. At narrow bandwidth, the corre-
lation coefficient is approached to 1. The efficiency of correlation receiver is almost to 100%.
The minimum correlation coefficient is 0.94 at 7.5 GHz bandwidth. The comparison between
transmitted and received waveforms for this case is shown in Fig. 2. The efficiency of receiver
is very good for free space channel. That means the waveform is slightly distorted in free space
channel.

For ground reflection channel, the analyzed parameters are the same as measurement.
Figures 3 and 4 show the comparison between correlation coefficeint from proposed formula and
measurement with 500 MHz and 1.4 GHz bandwidths, respectively. The efficiency is significantly
decreased compared with free space channel because of multipath fadding. The wide bandwidth
has effect from multipath fadding along distance less than narrow bandwidth.

5 Conclusions

4

In this paper, the closed form formulas of correlation coefficient are derived using the
rectangular passband waveform and the extension of Friss’ transmission formula. The proposed
formula corresponds with measurement. For free space channel, the efficiency of correlation
receiver is very good and is more than 94%. On the other hand, the efficiency is significantly
decreased for ground reflection channel because of multipath fadding. Averagely, the efficiency
of correlation receiver is reduced to 77% and 78% with 500 MHz and 1.4 GHz bandwidths,
respectively.
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