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ABSTRACT

This thesis studies on characteristic of the ground reflection model based on peak
power loss for UWB communications. The rectangular passband signal is used as the UWB
transmitted signal. Friis® transmission formula in complex form is applied for UWB free space
channel. The UWB ground reflection channel is calculated. The UWB received signal is
considered. The UWB path loss based on peak power loss is defined as the ratio between the
peak powers of the transmitted to received signals. The closed form of ground reflection path
loss expression is studied. The effects of waveform polarization and ground characteristic are
considered. The RMS delay spread of UWB ground reflection channel is studied. The
statistical model is used to characterize small-scale fading and RMS delay spread of UWB

ground reflection model.
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V..(f)=V.(N) (3.3)
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d =\(h -h) +d* (3.6)
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3.8.1 Handuanumuumiuninsheziths (PDF)
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ABSTRACT

In this paper, the ground reflection path loss for UWB
communication is proposed. The waveform polarization
and ground characteristic are considered. The passband
rectangular pulsc with specific center frequency and band-
width is used for transmitted signal. Complex form Friis’
transmission formula is applied for the UWB ground re-
fiection channel. The received signal is evaluated. The
UWB path loss is defined as the ratio between the max-
- imum amplitude of the transmitted and received signal
' waveforms. The closed form path loss expression is de-
rived. The effects of wave polarization and ground charac-
teristic on the ground reflection path loss are discussed in
the paper. '

1. INTRODUCTION

Recently, ultra wideband (UWB) radio technology has
become an important topic for microwave communication
because its potential is Jow cost and low power consump-
tion properties [1}-{3]. UWB is different from other ra-
dio frequency (RF) technologies. Instead of using a nar-
row camier frequency, UWB transmits pulses of power
spectral density (PSD) in the range of the ultra wide fre-
quency spectum. The Federal Communication Commis-
sion (FCC) [4] in US specified that UWB has a frequency
spectrum ranging from 3.1 10 10.6 GHz. The FCC defined
the UWB signal as those which have a fractional band-
width greater'than 0.20 or occupies bandwidth greater than
500 MHz.

The power density of the UWB signal is considered
to be noise for other communication systems because its
power spectrum is below the part 15 noise limit. The UWB
receiver collects the power of the received signal to rebuild
the pulse. Therefore, UWB radio technology can coexist
with other RF technologies without interference. More-
over, UWB radio technology is an ideal candidate that can
be vtilized for commercial, short-range, low power, low
cost indoor communication systems such as wireless per-
sonal area networks (WPANS) [5].

Friis’ transmission formula [6] is widely used to cal-
culate the free space path loss for narrow band system.
Complex form Friis transmission formula and the use of
matched filter are developed for UWB system [7]-[8). The
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closed form expressions of the UWB path loss and matche

filter gain for the free space channel are derived [9]. AR

that the closed form expressions of the UWB path loss ar

matched filter gain for the ground reflection channel are d

rived [10}-[11]. Although the characteristics of the groun

mﬂcctionpaxhloss,arcdismssedhnlhegmund is onl

considered to be the perfect conductor case. The wavefon

polarization and the ground characteristic are not consic
ered.

. In-this paper, the ground reflection path loss for UW
communication is proposed. The waveform polarizatio
and ground characteristic are considered. ' The passban
rectangular pulse with specific center frequency and band
width is used for transmitted signal. Complex form Friis
transmission formula is applied for the UWB ground re
flection channcl. The reccived signal is cvaluated. Th
UWB path loss is defined as the ratio between the max
imum amplitude of the transmitted and received signa
waveforms. The closed form path loss expression is de
rived. The effects of wave polarization and ground charac.
teristic on the ground reflection path loss are discussed ir
the paper.

2. GROUND REFLECTION PATH LOSS
2.1 Transmitted Waveform Model

' The UWB transmitted waveform is passband rectangu-
lar pulse. The expression of this waveform in time domain
v, and its spectral density function W are

w(t) = f—ilfum'nc(2fnt)-fnsinC(2fLi)]. )

{ i WM-fl<s
; ; (2)
0 M-fi>L

where ¢ is the time, [ is the frequency, f. is the center
frequency, fy is the spectral bandwidth, fi, = f. — fi,/2 s
the minimum frequency, fy = f. + J»/2 is the maximum
frequency.and sinc(z) = sin(xx)/(xz). This waveform
has 1 V maximum amplitude at the time is zero.

For considering waveform polarization, the vertical and
horizontal polarization of the spectral density function,

W) =



H .

n ;
1 !
| d 31
Fig.1: Ground reflection model.

Vi.p and W, 31, can be written as
Via() = Va(f)cos©,, 3)
Via(f) = V(/f)sin©,, @

where ©, is the angle of the transmitted waveform polar-
ization with respect to the incident plane. Thenthe 6, =0
and ©, = 90° are the vertical and bhorizontal polarizations
of the transmitted waveform, respectively.

2.2 Ground Reflection Model

The ground reflection (2-ray) model considers the direct
and rcflcction paths. The ground reflection model is shown
in the Fig. 1. The distances of dircct and rcfiection paths,
d’ and d@”, are the function of the transmitter-receiver (T-R)
scparation distance d, transmitter (Tx) and recciver (Rx)
antenna heights, h, and h,, and can be written as [12]

d = (h—h)+d? (&)}
& = JImFhE+E (6)

The frequency transfer function of the direct path Hy
can be expressed as [9]
1 c-jz;m' ™

Hd(f) — 4'”-;':, »

where t’ = d/culhzdelayednmeoflheduec!pathand
c is the velocity of light.

The frequency transfer function of the reflection path of
vertical and horizontal polanmnon. H, yand H; ;,canbe
wmlenas [10}-11]

Heg(f) = T

—j2x fe”
i :

(8)

1 —j2=fe”
ey v
where I’y and I'; are the reflection coefficients of vertical
and horizontal polarizations, respectively and t” = d@” /¢ is
the delayed time of the reflection path.

The reflection coefficients of vertical and horizontal po-
larizations are defined as [13])

Hoo(f) = ©)

cosf— /L — Lsin?0

ry = - ; —y (10)
oos0+\/;;-;!sm [}

r, = cosf — c,—stna an

60

" where €, is the relative permittivity of the ground and  is

the incident angle. From the Fig. 1 the incident angle can
be calculated by using

3=tan"( (12)

by + by

2.3 Received Waveform Model

The received waveform from the direct path v4 is the
same for the arbitrary polarization angle and can be found
from [10}-[11)]

_) A¢ D (f) e=r
”"’m_{ A(t’,l)B((t')) LAY s
where ;

AmT) = o

B(r) = Ci(2xfult—7]) - Ci(2x /L]t - 7]),

Cl) = [ =Wy,

The received waveform from the reflection path for the
vertical and horizontal polarizations, v,y and ver, 1, can
be evaluated from

Skl = A(:".r.)ln(}g) bt o
wa A" T)B("Y tA¢” '

_ [ a@"rym L=t
Pl { A(t".n)Bg?)) LA e

The received waveform of the vertical and horizontal
polarizations, v,y and vy, j , can be written as

vep(t) = via(t) + vqy(2), (16)

i) = va)+uei@. (D

The magnitude of the received waveform, v, can be
computed from

u(t) = ‘/u:.(t) +v7, (). (18)

The angle of received waveform polarization is consid-
ered at the peak of waveform and can be written as

tan™! [-"Lm A

& = (1)

(19).

2.4 Path Loss

Dcfining the UWB path loss of the ground reflection
model PLyr,y, by the ratio between the maximum am-
plitude of the transmitted and received signal waveforms.
Therefore, the UWB ground reflection path loss in dB can
be derived as shown below

PLj,,, = —20logfv,(t")]. (20)
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Table 1: Analyzed parameters.
Parameter
Transmitted signal parameter
Center frequency (fe) 6.85 GHz
Spectral bandwidth (f) 7.50 GHz
Minimum frequency (f.) 3.10 GHz
Maximum frequency ( fi) 10.60 GHz
Polarized angle (6,) 0°, 45°, 90°
Ground reflection parameter
Transmitted antenna height (hy) 0.1m
Received antenna height (hy) 0.1lm
T-R separation distance (d) 0.1-10 m
Relative permittivity of ground (sy) 4, 15, 25, 0c

-
-
—T
L

E & & &

Amplitude (V)

&
¥

&
-

§

1 ]

8

o .
Time (ns)

Fig.2: Transmitted waveform. -

3. ANALYSIS RESULT

The path loss of the ground reflection model is analyzed.
The analyzed parameters are listed in table 1. The trans-
mitted waveform that satisfied these parameters is shown
in Fig. 2. Three cases of polarized angles of transmired
waveforms, 6, .= 0°, 45° and 90°, are considered for the
vertical, slant and horizontal waveform polarizations, re-
spectively. Three cases of relative permittivity of ground,
&r = 4, 15, 25 and co, are considered for poor, typical,
good and perfect conductor ground characteristics, respec-
tively [14]. The 0.1 m transmitted and received antcnna
heights are chosen for considering the both regions before
and after break point. The break point of this case is about
1.76 m [10}-{11].

For the conductor ground case, the path loss of arbitrary
polarized angle are the same. Figure 3 shows the path loss
for the conductor ground along the T-R separation distance
0.1 to 10 m. This case can assume to be the worst case.
There are some fading at the T-R separation distance before
the break point. At the T-R separation distance after the
break point, the slope of path Joss is high.

The path Joss of the 0° polarized angle of transmitted
waveform along the distance 0.1 to 10 m is shown in Fig.
4. The slope of the path loss is almost the same at the T-
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Fig.3: Path loss for the conductor ground along the T-R
separation distance 0.1 to 10 m.
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Fig.4: Path loss of the 0° polarized angle of transmitted
waveform along the T-R separation distance 0.1 to 10 m.

R separation distance before the break point. At the. T-R
separation distance after the break point, the slope of the
path loss is different. In this region, the slope of the path
loss is higher when the relative permittivity of ground is
decreased. :

The path loss of the 45° polarized angle of transmitted
waveform along the T-R separation distance 0.1 to 10 m is
shown in Fig. 5. The path loss is almost the same with that
of the 0° polarized angle case. Because the vertical polar-
ization is significant more than the horizontal polarization.

Figure 6 shows the path loss of the 90° polarized angle
of transmitted waveform along the T-R separation distance
0.1 to 10 m. The path loss of each case is almost the same.
The slope of the path loss is higher when the relative per-
mittivity of the ground is increased.

The polarized angle of the received waveform when the
transmitted waveform has 45° polarized angle is shown in
Fig. 7. The polarized angle of the received waveform is
not changed for the £, = oo case. That because the reflec-
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Fig.5: Path loss of the 45° polarized angle of transmitted
waveform along the T-R separation distance 0.1 to 10 m.
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Fig.6: Path loss of the 90° polarized angle of transmitted
waveform along the T-R separation distance 0.1 to 10 m.

tion coefficient is -1 for the vertical and horizontal polar-
izations. For the another case, the polarized angle is swing
about 45° at the T-R separation distance before the break
point. At the T-R separation distance afier the break point
the angle is decreased. The angle of £, = 25 case is de-
creased more than that of of the £; = 15 and £, = 4 cases.
The change of the polarized angle of received waveform
demonstrates the significant between the vertical and hor-
izontal polarizations. 1f the the polarized angle more than
45° the horizontal polarization is significant, otherwise the
vertical polarization is significant.

4. CONCLUSION

In this paper, the ground reficction path loss for UWB
communication is proposed. The waveform polarization
and ground characteristic are considered. From these an-
alyzed results, we can easily sce the effect of wave polar-

ization and ground characteristic on the ground reflection -

Fig.7: Polarized angle of received waveform along the T-R
separation distance 0.1 1o 10 m.

lower than the horizontal polarization at the T-R separation
distance after the break point.
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Reflection Channel for UWB Communications
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Abstract— This paper describes the rms delay spread
estimation of ground reflection for UWB communications.
This study is based on ground reflection model. The waveform
polarizations and ground characteristics are considered. The
passband rectangular pulse with specific center frequency and
bandwidth is used for transmitted signal. Complex form of
Friis' transmission formula is applied for the UWB ground
reflection channel. The rms delay spread is evaluated by
received signal. The effects of waveform polarizations and
ground characteristics on the ground reflection channel are
discussed in the paper.

Key words— ultra wideband (UWB), ground reflection
channel, rms delay spread.

L INTRODUCTION

The ultra wideband (UWB) technology is one candidate
for future short-range indoor radio-communication systems
providing very high bit rate services, low power
consumption, and accuracy positioning capabilities [1].
UWB is different from other radio wave (RF) technology.
Instead of using a narrow carrier frequency, UWB
transmitted pulses in the range of ultra wide frequency
spectrum. The Federal Communication Commission (FCC)
[2] specifies that UWB has a frequency spectrum ranging
from 3.1 to 10.6 GHz. The FCC defined UWB signal as
those which have a fractional bandwidth greater than 0.20
or a bandwidth greater than 500 MHz measured at -10 dB
points. The power density of UWB signal is considered to
be noise for other communication systems because its
power spectrum is below the noise level.

Friis' transmission formula [3] is widely used to calculate
the free space path loss for narrow band system. However, it
is not directly applicable to the UWB because of the
spectral bandwidth of the pulse is extremely wide. The
complex form of Friis' transmission formula is developed
for UWB system [4]-[5]. After that, the closed form
expressions of UWB path loss for the free space channel [6]
and the ground reflection channel [7]-[8] are derived, but
they considered for only the perfect conductor ground case.

0-7803-9538-7/05/$20.00©2005 IEEE

Then, the path loss of ground reflection channel by
considering the waveform polarizations and ground
characteristics are proposed [9], but they did not consider
the rms delay spread.

The purpose of this paper is to estimate the rms delay
spread of the ground reflection channel for UWB
communications. The waveform polarizations and ground
characteristics are considered. The passband rectangular
pulse with specific center frequency and bandwidth is used
for transmitted signal. Complex form of Friis' transmission
formula is applied for the UWB ground reflection channel.
The received signal is evaluated for estimating the rms
delay spread. The effects of waveform polarizations and
ground characteristics on the rms delay spread of ground
reflection are discussed in the paper.

1II. ESTIMATION MODEL

A.  Transmitted Waveform

The transmitted waveform is the passband rectangular
pulse. The expression of waveform in time domain and

spectral density function are given
v ) = flb[f}, sinc(2fyt)- fisinc@f ), (1)
1 Sy
re's - Jol S ¥
v(r) =12/ bt-#ls% @

f ’
0 “ fI—— fc|>—2!’-—
where ¢ is the time, f is the frequency, f; is the center
frequency, f, is the spectral bandwidth, fi = f. - SJol2
and fy =f.+f,/2 are the minimum and maximum
frequencies, respectively and sinc(x)= sin(z) /() .

For considering waveform polarizations, the vertical and
horizontal polarizations of the spectral density function, ¥,

and ¥, , can be written as

1080
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VtJ]U) =V,(f)ecos®,, &) 1 ¥
Vuf) =¥(f)sin®,, @ T
where ©, is the angle of the transmitted waveform  h,
polarization with respect to the incident plane. Then the ¢
©,=0 and ©,=90" are the vertical and horizontal ¥
polarizations of the transmitted waveform, respectively. J777 7777707777777
The ground reflection (2-ray) model considers the direct | - d >

|- S =

-

and reflection paths, The model is shown in Fig. 1. The Fig. 1. Ground reflection model.
distance of the direct and reflection paths, d' and 4", are
the function of the transmitter-receiver (T-R) separation

distance d , transmitter (Tx) and receiver (Rx) antenna B.  Received Waveform

heights, h, and h, , and can be written as [10] The received waveform from the direct path vy is the
the arbi larizati 1 be fi
& =n —h, )2 PY ®) :‘::I\ne[i;o]r-me itrary polarization angle and can ound
. _ 2 2
" =f(n +h, )} +d* . (6) P o h{f—“J rat -
The frequency transfer function of the direct path H, is S ol S 3
given [6] A" B(r')  r=t
; h
Ha(f)= e o r
an|fk AET) =
where ' =d'/c is the delayed time of the direct path and ot
¢ is the velocity of light. B(r) = Ciaful - - CiA k-,
The frequency transfer function of the reflection path of x cos(y)
vertical and horizontal polarizations, H, and H,, can be Cilx) = j-——dy
¥
-]

expressed as [7]-[8]
The received waveform from the reflection path for the

e
Hy(f) = r||'4—’We i (8)  vertical and horizontal polarizations, v, and v, , can be
1 evaluated from
H =T e 9
Wl =T ® o e ) e
where [ and T, are the reflection coefficients of vertical - A, Ty) B(l'li — ;
and horizontal polarizations, respectively and " =d"/c is “
the delayed time of the reflection path. AW, T)] Ju|
The reflection coefficients of vertical and horizontal Ve, () i ¥ . (15)
polarizations are defined as [11] AQ@",T)B@")  t=t"
. A PRy Thf. r;lzceived waveform of tl}e vertical and horizontal
% s &£ a0 polarizations, v,y and v, , , are given by
= LA e Ve = Ve () +Vey O (16)
cos@+ [———5sin g
5, 81' Vr._L =v,d(t)+vml(!) &
[o —snlg (17
r, = cosd—y#, —sin_ 0 , an The magnitude of the received waveform, v, can be
cos@+&, —sin’ 0 calculated from
where &, is the relative permittivity of the ground and & is v, (1) = ,fv,ﬂl ) +vi (@) . (18)
the incident angle. From the Fig.1, the incident angle can be The angle of received waveform polarization is
calculated by using considered at the peak of waveform and can be written as
9=tan"[ 4 ] (12)
h, +h,
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2) =tan" vr,.L(t')
¢ vy ()
(19)
C. RMS Delay Spread

One method of characterizing UWB ground reflection
model is by calculating its rms delay spread o, . The rms

delay spread can be expressed as [10]

o, =J12 ). (20)

where 7 and 7 are the mean access delay and the second
moment for given power delay profile. They are calculated

by

N-1

z 03 Tk
k=0

N1
2%
k=0

N-1
> ait;
T2 _ k=0

2
=5 .
2%
k=0
For this ground reflection model, there are direct and

ground reflection paths. Then, the number of multipath
component N is set to be 2. The received signals of direct

and reflection paths are a =v,(t) and a, =v,(t"). The
delay time of direct and reflection paths are ) =¢" and

?:

7, =t" , respectively.
1 pe

M1

For this paper, the rms delay spread is estimated by using
the parameters from the table 1. Three cases of polarized
angle are ©, =0°, 45° and 90°. They are considered for
the vertical, slant and horizontal waveform polarizations,
respectively. There are 4 cases of ground characteristics.
The perfect conductor ground is considered for the first case.
For the other cases, & =4, 15 and 25 are considered for
the poor, typical and good ground characteristics,
respectively [12). The 0.1 m transmitter and receiver
antenna heights are chosen for considering the both regions

ESTIMATION RESULT

before and after break point. The mmse break
TABLE 1
ESTIMATION PARAMETERS.

Paramter Value

Transmitted signal paramters

Center frequency 6.85 GHz

Spectral bandwidth 7.50 GHz

Minimum frequency 3.10 GHz

Maximum frequency 10.60 GHz

66

Polarization angle 0°,45",9"

Ground reflection parameters

Transmitter antenna height 0.1m

Receiver antenna height 0.1m

T-R separation distance 0.1-10m

Ground characteristics Perfect conductor, &, = 4, 15, 25

point of this case is about 1.76 m [7].

For the conductor ground case, the rms delay spread of
arbitrary polarized angle is the same because of
ry=r,=-1. Fig. 2 shows the rms delay spread of the

perfect conductor ground along the T-R separation distance
from 0.1 to 10 m. The rms delay spread exhibits a trend to
decrease with the T-R separation distance.

The rms delay spread of the 0° polarized angle of
transmitted waveform along the T-R separation distance
from 0.1 to 10 m is shown in Fig. 3. The rms delay spread is
swung and decreased along the distance. There are 2 points
along the T-R separation distance from 0.1 to 10 m that rms
delay spread is approached to zero. That because of
amplitude of reflection signal is very low.

Fig. 4 shows the rms delay spread of the 45° polarized
angle of transmitted waveform along the T-R separation
distance 0.1 to 10 m. Before the T-R separation distance
about 0.7 m, the rms delay spread is fluctuated. After that,
rms delay spread is decreased along the distance.

180 . vy - - -

10” - ’ 1;' i
Fig. 2. RMS delay spread of the perfect conductor ground.

§

RMS delay spresd (ps)
2

T-RA separsion distance (M)
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Fig. 3. RMS delay spread of 0° polarized angle.

L]

-
g B8 8

RMS delay spread (ps)

8

10" * 10° 10'
T-R seperstion distance (m)
Fig. 4. RMS delay spread of 45° polarized angle.

The rms delay spread of the 90° polarized angle of
transmitted waveform along the T-R separation distance
from 0.1 to 10 m is shown in Fig. 5. The rms delay spread

trends almost the same with the 45° polarized angle but it is
more fluctuated.

IV. CONCLUSIONS

In this paper, the rms delay spread of ground reflection
for UWB communications is estimated. The waveform
polarizations and ground characteristics are considered.
From these estimation results, we can easily see the effects
of wave polarizations and ground characteristics on the rms
delay spread along the T-R separation distance. The
maximum, mean and standard deviations of the rms delay
spread are maximum values for the perfect conductor
ground case. They are higher when the permittivity of
ground is increased and the polarized angle of transmitted
waveform is changed from vertical to horizontal
polarizations.
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ABSTRACT

We establish the statistical models of small-scale fading
for ultra wideband (UWB) communications. The received
signal in UWB ground reflection channel based on peak
power loss is evaluated. The small-scale fading is defined as
the peak magnitude of received signal in ground reflection
channel normalized with that in free space channel (large-
scale fading). The small-scale fading with different signal
bandwidths and antenna heights are demonstrated. The his-
tograms and probability density functions (PDFs) are illus-
trated and compared. The parameters of statistical models
are shown. The results are discussed in the conclusion.

Keywords: Ultra wideband (UWB) communications, sta-
tistical model, small-scale fading, ground reflection (2-ray)
channel.

1. INTRODUCTION

A new development in wireless communications know
as ultra wideband (UWB). The UWB is the promising tech-
nology for future short range indoor radio communication
systems. The UWB technology provides very high bit rate
services, low power consumption, accuracy positioning ca-
pabilities and intends to be used in wireless personal area
networks (WPANs)The UWB technology is different from
other radio frequency (RF) technologies. Instead of using
a narrow carrier frequency, The UWB technology transmits
pulses with power spectral density (PSD) in the range of
the ultra wide frequency spectrum. The Federal Communi-
cations Commission (FCC) [1] in US specified that UWB
signals have a frequency spectrum ranging from 3.1 to 10.6
GHz. The FCC defined the UWB signal as those which
have a fractional bandwidth equal to or greater than 0.20 or
occupied bandwidth equal to or greater than 500 MHz.

Although small-scale fading seriously degrades the per-
formance of wireless communication systems, there are
some techniques that use to reduce its effect. However if

ISBN 974-94418-9-3 ©2006 ECTI
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the small-scale fading is characterized, the signal parame-
ters can be selected to achieve good propagation perfor-
mance. In order to accuracy estimated the signal parameters
for wireless communications, it is necessary to evaluate the
propagation model of the small-scale fading in the channel.
Because of the channel measurements are costly, the statisti-
cal models have been developed as a suitable, low cost and
convenient alternative. Moreover, statistical model analy-
sis provides a good initial estimation of the received signal
characteristics, which can predict the accurate signal prop-
agation behavior and use to design the wireless communi-
cation system. Therefore, there are some research works
focused on the statistical models of small-scale fading for
narrowband and wideband communications [2]-[3]. After
that, the statistical models of small-scale fading in various
channel types for UWB communications are developed [4]-
[5), but there is no research work considered about the UWB
ground reflection channel.

We establish the statistical models of small-scale fading
for UWB communications. The rectangular passband pulse
is used as the UWB transmitted signal [6]. For the UWB
channel, the ground reflection channel based on peak power
loss is used [7]-[8). The small-scale fading is defined as
the peak magnitude of received signal in ground reflection
channel normalized with that in free space channel (large-
scale fading). The small-scale fading with different signal
bandwidths and antenna heights are demonstrated. The his-
tograms and probability density functions (PDFs) are illus-
trated and compared. The parameters of statistical models
are shown. The results are discussed in the conclusion.

The rest of this paper is organized as follows. Section
2, small-scale received signal in ground reflection channel
based on peak power loss are derived. Next, the statistical
model with different signal bandwidths and antenna heights
are established in Sec. 3. Finally, the conclusions are dis-
cussed in Sec. 4.

The 21st International Technical Conference on
Circuits/Systems, Computers and Communications



2. SMALL-SCALE FADING

The UWB transmitted signal considered in this paper is
a rectangular passband pulse. The expression of this wave-
form in time domain v and its spectral density function V;
are [6]

w(t) = %[fHSinC@th) — fusine(2fit)], (1)
1 - FiY
_ i Wfl-fel =3

where t is the time, f is the frequency, f. is the center fre-
quency, fy is the bandwidth, fi, = fc — f/2 is the lowest
frequency, fu = fc + fb/2 is the highest frequency and
sinc(z) = sin(nz)/(wz). This waveform has 1 V peak am-
plitude at time of zero and its spectral density is real con-
stant 1/(2fy) in the frequency ranges of — fy to — fi, and
Juto fu.

For the UWB free space channel, the complex form Friis’
transmission formula is used [9]-[10]. The transmitter (Tx)
and receiver (Rx) antennas are considered to have one con-
stant gains. The frequency transfer function of free space
channel Hy can be written as

_ €  —j2xfd/c
Hl(fld) T 41I'|f|dc g ] (3)

where d is the transmitter-receiver (T-R) separation distance
and c is the velocity of light.

The spectral density of UWB free space received wave-
form V; ¢ is calculated by using the multiplication between
Hpg and V;, which can be written as

Vi i(f,d) = He(f,d) - Vi(f). )

The UWB free space received waveform v, ¢ is calcu-
lated by using the inverse Fourier transform of its spectral
density, which can be written as

vra(tsd) = j " Vsl ) df. 5)

The peak magnitude of received signal in UWB free
space channel (large-scale fading) can be derived as [6]

Ur,f (§1 d)
[+

c fu
——In|{—]. 6
mra™(%) ©

For the UWB ground reflection (2-ray) model, the UWB
transmitted waveform is the rectangular passband pulse
same the UWB free space channel model. The UWB

ground reflection channel considers the direct and reflection
paths. The distances of direct and reflection paths, d’ and

max |v, ¢(t, d)|

ISBN 974-94418-9-3 ©2006 ECTI
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d", are the functions of d, Tx and Rx antenna heights, hy
and h;, which can be written as [11]

d = (he—h)?+d? O]
& = Jluth)?+d. (8)

The perfect conductor ground are considered. The re-
ceived signal of ground reflection channel is the addition
between the signals from direct and reflection paths. There-
fore, the UWB ground reflection received signal v, g can be
written as

v,‘,(t. d) = vr'f(t, d‘) + Du (8, d"), (&)

where I is the reflection coefficient. For the perfect con-
ductor ground case, the reflection waveform is perfectly re-
flected with opposite phase. Then, the reflection coefficient
issettobel’ = —1.

The peak magnitude of received signal in UWB ground
reflection path loss based on peak power loss can be derived
as

d.f
max |vrg(t,d)] = vrg (?,d)
e [d”ln (-}g) + l"d'B]
" Infod & » 10)
where

B = C[ (27I’f|c-|Ad) -Ci (Z‘J'If:;Ad) :

Ad = d" — d and Ci(z) = — [["{cos(r)/7}dr is the
cosine integral.

The small-scale fading is defined as the peak magnitude
of received signal in ground reflection channel normalized
with that in free space channel and it can be derived as

max vy g(t, d)|
max |vy ¢ (t, d)|

d [d" n (42) + I‘d’B]
- d'd" In ('}g)

3. STATISTICAL MODEL

The expression of small-scale fading [Eq. (11)] is used
to establish the statistical model. The parameter f. is fixed
at 6.85 GHz, which is the center frequency of full band-
width of UWB signal specified by FCC [1]. Three cases
of parameters fy, are considered. For the first case, the f;,
is set to be 0.5 GHz, which is the minimum bandwidth of
UWRB signal. Next, f}, is set to be 4.0 GHz for second case,
which is the middle bandwidth between the minimum and

vs(d)

)

The 21st International Technical Conference on’
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1 2 3 4 5 6 i 4 8 9 10
T-R separation distance (m)

Fig.1: Small-scale fading in ground reflection channel
based on peak power loss of 0.5 m antenna height along
the T-R separation distance from 0.1 to 10 m.

maximum bandwidths of UWB signal. The last case, fi, is
set to be 7.5 GHz, which is the maximum bandwidth for
the UWB signal. The Tx and Rx antenna heights are set to
be the same. Two cases of antenna heights are considered.
That is hy = hy = 0.5 m and hy = h, = 1 m. Parameter d
is considered from 0.1 m to 10 m.

Figures 1 and 2 show the small-scale fading in ground
reflection channels based on peak power loss of antenna
heights of 0.5 and 1 m along the T-R separation distance
from 0.1 to 10 m, respectively. The small-scale fading of
0.5 m antenna height is more fluctuate than that of 1 m an-
tenna height. For each case of the antenna height, the fluc-
tuation of small-scale fading is lower along the wider signal
bandwidth.

The chi square test is used to establish the statistical
model, which is defined as the weighted difference between
the observed frequency of outcome k; and the expected fre-
quency m; in the i-th interval as shown below [12]

. i
q=z(k‘_ﬁ)_, (12)

where N is the total number of interval. The statistical
model with minimum g is selected, while the other statis-
tical models are rejected.

The histograms and PDFs of small scale fading in ground
reflection channel based on peak power loss of antenna
height of 0.5 m are shown in Fig. 3. For the 0.5 GHz signal
bandwidth, the statistical model is the uniform distribution.
The PDF of uniform distribution is defined as
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Fig.2: Small-scale fading in ground reflection channel
based on peak power loss of 1.0 m antenna height along
the T-R separation distance from 0.1 to 10 m.

where a = 0.09 and b = 2.06. The mean and standard
deviation are 1.07 and 0.57, respectively.

For the 4.0 and 7.5 GHz signal bandwidths, the statistical
model is Weibull distribution. The PDF of Weibull distrib-
ution is defined as

—by,b—1,—(ve/a)®
R R G (14)

0 otherwise ’

where a = 1.05, b = 11.64 for 4.0 GHz signal bandwidth
and a = 1.00, b = 12.19 for 7.5 GHz signal bandwidth. The
mean and standard deviation of 4.0 GHz signal bandwidth
respectively are 1.00 and 0.12 while that of 7.5 GHz signal
bandwidth are 0.96 and 0.09, respectively.

The histograms and PDFs of small scale fading in ground
reflection channel based on peak power loss of antenna
height of 1.0 m are shown in Fig. 4. For the 0.5 GHz signal
bandwidth, the statistical model is the normal distribution.
The PDF of normal distribution is defined as

fu- =

where = 1.00 and ¢ = 0.35 are the mean and standard
deviation, respectively.

For the 4.0 and 7.5 GHz signal bandwidths, the statis-
tical model is t location-scale distribution (Student’s t dis-
tribution with » degree of freedom). The PDF of Weibull
distribution is defined as

rep) [

fou = o/vnl (%) v

1 2 2

—(va—n)"/(207)

e ) 15
av2n e

29 —(v+1)/2
] ,  (16)

fu = B asusb 13) where T'(a) = [;~ *~'e"*dz is the gamma function, p
e 0  otherwise ’ ( and o are the mean and standard deviation, respectively.
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Fig.3: Histograms and PDFs of small-scale fading in
ground reflection channel based on peak power loss of 0.5
m antenna height.

The statistical parameters of 4.0 GHz signal bandwidth are
p = 1.00, ¢ = 0.03 and v = 4.22, while that of 7.5 GHz
signal bandwidth are u = 1.00, ¢ = 0.03 and v = 30.65.

4. CONCLUSION

We establish the statistical models of small-scale fading
for UWB communications. The small-scale fading with dif-
ferent signal bandwidths and antenna heights are demon-
strated. The histograms and PDFs are illustrated and com-
pared. The parameters of statistical models are shown.
From the results, we can clearly see that the small-scale fad-
ing is lower along the higher antenna height and wider sig-
nal bandwidth. Therefore, the small-scale fading of UWB
communications is less than that of narrowband communi-
cations. For the low antenna height, the uniform distribu-
tion can be used to model the small-scale fading of the nar-
row UWB signal bandwidth, while the Weibull distribution
can be used to model that of middle and wide signal band-
widths. The normal distribution can be used to model the
small-scale fading of the narrow UWB signal bandwidth,
while the t location-scale distribution can be used to model
that of middle and wide signal bandwidths for high antenna
height.
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Abstract— We establish the statistical models of the root mean
square (RMS) delay spread for ultra wideband (UWB) com-
munications. The received signal in the UWB ground reflection
channel based on peak power loss is evaluated. The RMS delay
spread Is calculated by using the delayed times and the peak
powers of the received signals from the direct and reflected paths.
The RMS delay spread with the different signal bandwidths
and the antenna heights are demonstrated. The histograms and
the probability density functions (PDFs) are illustrated and
compared. The parameters of the statistical models are shown.
The results are discussed in the conclusion.

I. INTRODUCTION

A new development in wireless communications know as
ultra wideband (UWB). The UWB is the promising technology
for future short range indoor radio communication systems.
The UWB technology provides very high bit rate services,
low power consumption, accuracy positioning capabilities and
intends to be used in wireless personal area networks (WPANSs)
[1}- [3). The UWB technology is different from other radio
frequency (RF) technologies. Instead of using a narrow carrier
frequency, the UWB technology transmits pulses with power
spectral density (PSD) in the range of the ultra wide frequency
spectrum. The Federal Communications Commission (FCC)
[4] in US specified that UWB signal has a frequency spectrum
ranging from 3.1 to 10.6 GHz. The FCC defined the UWB
signal as those which has a fractional bandwidth equal to or
greater than 0.20, or occupied bandwidth equal to or greater
than 500 MHz.

Although the time dispersion characteristics such as RMS
delay spread seriously degrade the performance of wireless
communication systems, there are some techniques that use to
reduce their effects. However if the RMS delay spread is char-
acterized, the signal parameters and system design techniques
can be selected to achieve good propagation performance.
In order to accuracy estimated these selections for wireless
communications, it is necessary to evaluate the time dispersion
model of the RMS delay spread in the channel. Because of
the channel measurements are costly, the statistical models

T3D-5

have been developed as a suitable, low cost and convenient
alternative. Moreover, statistical model analysis provides a
good initial estimation of the time dispersion characteristics,
which can predict the accurate distribution time behavior and
use to design the wireless communication system. Therefore,
there are some research works focused on the statistical models
of the RMS delay spread for the narrowband and wideband
communications [5], [6]. After that, the statistical models of
the RMS delay spread in various channel types for the UWB
communications are developed [7], [8], but there is no research
work considered about the UWB ground reflection channel.

We establish the statistical models of RMS delay spread for
UWB communications. The rectangular passband pulse is used
as the UWB transmitted signal [9]. For the UWB channel, the
ground reflection channel based on peak power loss is used
[10]- [11). The RMS delay spread is calculated by using the
delayed times and the peak powers of the received signals from
the direct and reflected paths. The RMS delay spread with
the different signal bandwidths and the antenna heights are
demonstrated along the transmitter-receiver (T-R) separation
distance from 0.1 to 10 m. The histograms and probability
density functions (PDFs) are illustrated and compared. The
parameters of statistical models are shown. The results are
discussed in the conclusion.

The rest of this paper is organized as follows. Section 2,
the RMS delay spread in the UWB ground reflection channel
based on the peak power loss are derived. Next, the statistical
models with different signal bandwidths and antenna heights
are established in Sec. 3. Finally, the conclusions are discussed
in Sec. 4.

II. RMS DELAY SPREAD

The UWB transmitted signal considered in this paper is a
rectangular passband pulse. The expression of this waveform

ISCIT 2006
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Fig. 1. Ground reflection model

in time domain v, and its spectral density function V; are [9]

w(t) = %[fuﬁm@fnt)—f:.siHC(2f1.t)}, )
1 iy
s 2/ ”fl_fcls 2

) { 0 Ifl-fd>4 @

where t is the time, f is the frequency, f. is the center
frequency, f, is the bandwidth, fi = fe — fu/2 is the
lowest frequency, fu = fc + fo/2 is the highest frequency
and sinc(z) = sin(rz)/(wz). This waveform has 1 V peak
amplitude at time of zero and its spectral density is real
constant 1/(2fy) in the frequency ranges of —fu to —fi, and
fu to fu.

For the UWB ground reflection (2-ray) model considers the
direct and reflected paths as shown in Fig. 1. The distances of
direct and reflected paths, d’ and d”, are the functions of T-R
separation distance d, the heights of the Tx and Rx antennas,
he and h,, which can be written as [12]

d = (h—h)?+d? 3)
d' = (h+h)?+d 4)

For the UWB free space channel, the complex form Friis’
transmission formula is used [13], [14]. The transmitter (Tx)
and receiver (Rx) antennas are considered to have one constant
gains. Therefore, the frequency transfer function of direct and
reflected paths, Hyq and Hp,, can be respectively written as

c —jonfd jc

Hf'd(f) 41l‘|_f|d' (5)
H(f) = Cgmge 40, ©)

where ¢ is the velocity of light and T' is the reflection
coefficient.

Therefore, the spectral density of the received signal from
the direct and reflected paths, V; 4 and V;, can be written as

‘fr.d(f) Hf,d(fvd) * ‘/t(f)a (7)
Ve (f) Hie(f,d) - Ve(f)- @®)

The received signal from the direct and reflected paths, vr q
and v, ,, are calculated by using the inverse Fourier transform

15
of their spectral densities, which can be written as
o0
| veatner=tas,
—00
m .
f V.,,(f)e”"f'df.
The received signal of the UWB ground reflection model is

the addition between the received signals from the direct and
reflected paths. The final results is [10], (1]

va(t) = ®

(10)

vr e (2)

c cl’ _d’
WID(%)-*_WA t=7%
&

wt)={ wfEmin(f)+whad ¢=dl7’" ,
wH#B+eheC tEOT
where
P, ' g
A = CGi 27 fu(d" d)]__Ci[ZfrfL(d' d)]’
c c
i’
B = Ci(27ffn i—%D-Ci(%rth—%),
4 "
C = Ci(21rfn t—%)-—Ci(foLt—d_c_),

and Ci(z) = — [° cos(r) /rdr is the cosine integral function.

For time dispersion characterization, the RMS delay spread
of UWB ground reflection channel is calculated by using the
delayed times and peak powers of the received signal from
the direct and reflected paths. The RMS delay spread o is

defined as [12]
oy =\[T2 -7, (12)

where 7 and 72 are the mean access delay and the second
moment, which are defined as

N-1_2
—o Tk
7 o= k=0 k=

2‘;01 ai
;f = f—-’:Dl ﬂiTE
N-1 2 °

k=0 %k
For ground reflection channel, there are direct and reflected
paths. Therefore, the number of multipath component N is
set to be 2. The delayed times of the received signals from
the direct and reflected paths are 7, = d'/c and 7z = d"/c.
The peak powers of the received signals from the direct
and reflected paths are a = v?(d'/c) and o = v3(d"/e),

respectively.

(13)

(14)

I1I. STATISTICAL MODEL

The RMS delayed spread of the UWB ground reflection
channel based on peak power loss is used to establish the
statistical model. The center frequency f. is fixed at 6.85 GHz,
which is the center frequency of full bandwidth of UWB signal
specified by FCC [4]. Three cases of signal bandwidths fy, are
considered. For the first case, fy is set to be 0.5 GHz, which
is the minimum bandwidth of the UWB signal. Next, fp is
set to be 4.0 GHz for the second case, which is the middle
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Fig. 2. RMS delay spreads in UWB ground reflection channels based on
peak power loss of 0.5 m antenna height along the T-R separation distance
from 0.1 to 10 m.
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Fig. 3. RMS delay spreads in UWB ground reflection channels based on
peak power loss of 1.0 m antenna height along the T-R separation distance
from 0.1 to 10 m.

bandwidth between the minimum and maximum bandwidths
of the UWB signal. The last case, fy, is set to be 7.5 GHz,
which is the maximum bandwidth for the UWB signal. The
Tx and Rx antenna heights are set to be the same. Two cases
of the antenna heights are considered. That is hy = h, = 0.5
m and hy = h; = 1 m. The T-R separation distance d is
considered from 0.1 m to 10 m. The reflection coefficient I
is set to be —1.

Figs. 2 and 3 show the RMS delay spreads in the UWB
ground reflection channels based on peak power loss of the 0.5
and 1.0 m antenna heights along the T-R separation distance
from 0.1 to 10 m, respectively. The RMS delay spreads of the
0.5 m antenna height is more fluctuate than that of 1 m antenna
height. For each case of the antenna height, the fluctuation of
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Fig. 4. Histograms and PDFs of RMS delay spread in the UWB ground
reflection channel based on peak power loss of the 0.5 m antenna height.
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Fig. 5. Histograms and PDFs of RMS delay spread in UWB ground reflection
channel based on peak power loss of the 1.0 m antenna height.

RMS delay spread is lower along the wider signal bandwidth.
The chi square test is used to establish the statistical model,
which is defined as the weighted difference between the
observed frequency of outcome k; and the expected frequency
m; in the i-th interval as shown below [15]
N
(ki — ma)?

q ; - (15)
where N is the total number of interval. The statistical model
with minimum g is selected, while the other statistical models
are rejected.

The histograms and PDFs of RMS delay spreads in the
UWB ground reflection channel based on peak power loss of
the 0.5 m antenna height are shown in Fig. 4. The statistical



model is the uniform distribution for all cases of signal
bandwidths. The PDF of uniform distribution is defined as

fu.={'%? a<u<bh (16)

otherwise

For the 0.5 GHz bandwidth, the parameters of the statistical
model are @ = —18.19 and b = 904.61 ps. The mean and
standard deviation are 443.21 and 226.39 ps, respectively. For
the 4.0 GHz bandwidth, the parameters of the statistical model
are @ = 65.53 and b = 838.12 ps. The mean and standard
deviation are 451.83 and 223.03 ps, respectively. For the 7.5
GHz bandwidth, the parameters of the statistical model are a =
67.77 and b = 837.17 ps. The mean and standard deviation
are 452.47 and 222.11 ps, respectively.

The histograms and PDFs of RMS delay spreads in the
UWB ground reflection channel based on peak power loss of
the 1.0 m antenna height are shown in Fig. 5. The statistical
model is the uniform distribution same with the 0.5 m antenna
height. For the 0.5 GHz bandwidth, the parameters of the
statistical model are a = 190.30 and b = 1,663.52 ps.
The mean and standard deviation are 926.91 and 425.28 ps,
respectively. For the 4.0 GHz bandwidth, the parameters of
the statistical model are a = 231.47 and b = 1,635.16 ps.
The mean and standard deviation are 933.32 and 405.21 ps,
respectively. For the 7.5 GHz bandwidth, the parameters of
the statistical model are a = 231.47 and b = 1,635.16 ps.
The mean and standard deviation are 933.93 and 404.06 ps,
respectively.

IV. CONCLUSION

We establish the statistical models of RMS delay spread for
the UWB communications. The RMS delay spread with the
different signal bandwidths and antenna heights are demon-
strated. The histograms and PDFs are illustrated and com-
pared. The parameters of statistical models are shown. From
the results, we can clearly see that the statistical model of
the RMS delay spread in the UWB ground reflection channel
based on peak power loss can be model as the uniform distrib-
ution. The mean and the standard deviation of the RMS delay
spread increase, when the height of the antenna is increased.
The mean increases along the wider signal bandwidth, while
the standard deviation trends to decrease.
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