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ABSTRACT

In this thesis, the path loss of ground reflection model based on average power loss for
ultra wideband (UWB) communications is studied. The ground reflection path loss of SK model
in integral form and extension of Friis’ transmission formula in complex form is derived in the
term of closed form expression. The double linear regression model is proposed. The breakpoint
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Abstract— Although the Friis’ formula is widely used to
calculate the free space path loss of narrowband communications,
it is considered only single frequency. Therefore, it should be
extended to calculate the free space path loss of ultra wideband
(UWB) communications by considering the frequency bandwidth.
In this paper, the free space path loss of UWB communications is
studies. The Friis’ formula is extended in the complex frequency
transfer function. The ideal and Gaussian lters are used for
Itering the speci ¢ frequency bandwidth. The UWB free space
path loss is derived based on average power and peak power
losses. The example results are shown and discussed in the paper.

Key words: Ultra wideband (UWB) communication, free space
path loss, Friss' formula.

I. INTRODUCTION

Recently, ultra wideband (UWB) radio technology has
become an important topic for microwave communication
because its potential is low cost and low power consumption
properties [1]-[5]. The Federal Communications Commission
(FCC) [6) specied that UWB has a frequency spectrum
ranging from 3.1 to 10.6 GHz and a fractional bandwidth
greater than 0.20 or occupied bandwidth greater than 500
MHz. The power density of the UWB signal is considered to
be noise for other communication systems because its power
spectral density is below the part 15 noise limit. Therefore,
UWB radio technology can coexist with other RF technologies
without interference. Moreover, UWB radio technology can
be utilized for commercial, short-range, low power, low cost
indoor communication systems such as wireless personal area
networks (WPANSs) [7].

Friis' free space path loss formula [8] is widely used to
calculate the free space path loss for narrow band system.
For the UWB system, the free space path loss model based
on average power loss is proposed by IEEE 802.15.3a [9].
After that, the complex form of Friis’ transmission formula
is developed for UWB system [10]-[11]. The closed form
expressions of the UWB path loss for the free space channel
based on peak power loss are derived [12]-[13]. But these free
space path loss models are considered the speci ¢ frequency
bandwidth by using ideal lter, there are no research about
causal lter .

In this paper, the free space path loss of UWB communica-
tions is studies. The Friis’ formula is extended in the complex
frequency transfer function. The ideal and Gaussian Iters are
used for ltering the speci ¢ frequency bandwidth. The UWB
free space path loss is derived based on average power and
peak power losses.

This paper is organized as follows. Section 2 and 3, the
conventional free space path loss and that of UWB communi-
cations are presented. The analysis results are illustrated and
compared in section 4. Finally, conclusions are discussed in
section 5.

I1. CONVENTIONAL FREE SPACE PATH LOSS

Friis' free space path loss (8] is widely used to calculate the
free space path loss for narrowband communications. It can
be written in the dB as

4
PL(d) = 20log (—~—"f°d) : (1)
where fo = (fu + f.)/2 is the center frequency, d is the
wransmitter-receiver (T-R) separation distance, c is the velocity
of light. f, and fy are the lower and upper frequencies,
respectively.

I11. FREE SPACE PATH L0SS OF UWB COMMUNICATIONS

For UWB communications, the free space path loss can be
de ned in the two meanings. The rst is based on the average
power loss of the signal spectrum in the speci ¢ frequency
bandwidth. The second is based on the peak power loss of
the signal waveform in the specic frequency bandwidth.
Conveniently, the ideal lter is used for ltering the speci ¢
frequency bandwidth. Unfortunately, the ideal lter is not
causal. Therefore, in this paper the Gaussian lter is addi-
tionally analyzed and the frequency bandwidth is considered
on positive frequency axis.

The Friis’ free space path loss is extended in the complex
frequency transfer function for considering the frequency
bandwidth instead of only single frequency. That is

H(f,d) = ZWC_MC-,-Q,N,C_ o
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The ideal and Gaussian Iters are used for ltering the spe-
cic frequency bandwidth. The frequency transfer functions of
ideal and Gaussian lters are respectively de ned as

_ I fusf<fu
B = {o elswhere &
Hy(f) = e maU=f", 4)

where de is the 1/e characteristic decay time and has the
relation on the reference level [, that is used to consider the
frequency bandwidth. The relation between d. and [, is
2 —lr
= — [ ]
4 7 fb \| 20log(e) ()
where fo = fu — fu is the frequency bandwidth. Here, [, is
et to be —3 and —10 for considering the —3 and —10 dB
pandwidths, respectively.

A. Free Space Path Loss Based on Average Power Loss

The free space path loss based on average power loss is
considered as the average power loss of the signal spectrum
in the speci ¢ frequency bandwidth. The ideal and Gaussian
lters are considered.

1) Ideal lter: The free space path loss based on average
power loss by using ideal lter in dB can be evaluated from

I He(f, d) P Hi(F)Pdf
STy ()12df

This equation can be derived in the closed form, that is

PL,;(d) = —10log (6)

PL,i(d) = 20log [ﬂi“—d] : %))

where

fu.i = VfoH- 8)

This free space path loss formula corresponds with that
proposed by IEEE 802.15.3a [9].

2) Gaussian Filter: The free space path loss based on
average power loss by using Gaussian lter in dB can be
eviluated from

fu 2 2
PL, (d) = —101log | 22 [He(f,d)*| Hg ()] dfl o

7 \Hg(f)|2df

This equation can not be directly derived in the closed form.
. Therefore, the Gaussian integration formula [14] is used to
tstimate this equation. The closed form formula obtained from
2- and 3-point Gaussian integration formulas respectively are

20 log [%—M‘fzg'zd] "

4'11‘f,'g.3d
c

PLyg2(d) (10)

PLa.g.3 (d) ) (11)

1l

20log [
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where
12f2 - f2
2,/36f2+3f2
1 4+ 5e- 6™ A S
2 1 20/24+3f8 _dadq2fd’
77 + Bpujiapdype T b

fn,g.? (12)

(13)

fn.g.ﬂ =

B. Free Space Path Loss Based on Peak Power Loss

The free space path loss based on peak power loss is
considered as the peak power loss of the signal waveform
in the speci ¢ frequency bandwidth. The ideal and Gaussian
Iters are considered.

1) Ideal lIter: The free space path loss based on peak
power loss by using ideal Iter in dB can be evaluated from

o 1 DH(Sidf | .
T H(f)ldf

This equation can be derived in the closed form, that is

PL,;(d) = —20log [

PL,i(d) = 20log [4—17’-2&] s (15)
where
fo
i =—F—~- (16)
In (%)

This free space path loss formula corresponds with that
proposed in [12]-[13].

2) Gaussian Filter: The free space path loss based on peak
power loss by using Gaussian Iter in dB can be evaluated
from

JI | H(f, ) H(£)\df
o | He(f)ldf

This equation can not be directly derived in the closed form.

Therefore, the Gaussian integration formula [14] is used to

estimate this equation. The closed form formula obtained from
2- and 3-point Gaussian integration formulas respectively are

PLyg(d) = —201og (17

PLyga2(d) = 20log [W] (18)

PL,g3(d) = 20log [4—%}, (19)
where

fog2 = %;_f& (20)

A 1 5edr4 @1

4 100 — 342 2
kT (“zof?-a!.,’) e RRE
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frequency is fc = 6.85 GHz and T-R separation distance is d = 1 m along
frequency bandwidth f;, from 500 MHz o 7.5 GHz.

IV. ANALYSIS RESULTS

First case, UWB free space path loss is studies by setting
the center frequency f. to be 6.85 GHz. That is the center
frequency of UWB bandwidth for communications. The fre-
quency bandwidth fi, is considered from 500 MHz to 7.5
GHz which corresponds with minimum to maximum UWB
bandwidth. The T-R separation distance d is set to be 1 m.

Figure 1 and 2 show the free space path losses based on
average and peak power loss for the rst case, respectively.
The ideal and Gaussian Iters with [, = —3 and —10 are
considered. In this case, the free space path loss obtained
from the Friis’ formula is constant about 49.16 dB which
almost the same with each UWB free space path loss at the
frequency bandwidth about 500 MHz. Each free space path
loss is decreased when the frequency bandwidth is wider.
The free space path losses based on the average power loss
are lower than that based on the peak pcwer loss. The free
space path loss with ideal lter is lowest and it is higher
when uses the —3 dB and —10 dB bandwidth Gaussian lters,
respectively. . ,/

Second case, the UWB free space path loss is studied by
setting the lower frequency fi to be 3.1 GHz. That is lowest
frequency of UWB bandwidth for communications. The same
frequency bandwidth fi, range is considered that from 500
MHz to 7.5 GHz.

The free space path loss obtained from Friss’ formula is
shown in Fig. 3. Figure 4 and 5 show the free space path
losses based on average and peak power loss for the second
case, respectively. The ideal and Gaussian lters with [, = —3
and —10 are considered. Each UWB free space path loss at
about 500 MHz frequency bandwidth is almost the same that
obtained from Friss’ formula. In this case each free space path
loss is increased when the frequency bandwidth is higher. That
because in this case the center frequency is increased when

is fo = 6.85 GHz and T-R separation distance is d = 1 m along frequency
bandwidth f}, from 500 MHz to 7.5 GHz. )

50 T T T T T T T

(dB)
5 & 8

F
o
—

Free space path loss
'
w

b

1 =1 1 1 1 L
= -1 2 3 4 5 6 7
Frequency bandwdith (GHz)

Fig. 3. free space path loss obtained from Friss' formula with lower frequency
is fr, = 3.1 GHz and T-R separation distance is d = 1 m along frequency
bandwidth f,, from 500 MHz to 7.5 GHz.

the frequency bandwidth is wider while the lower frequency
is constant. The characteristics of the free space path losses
based on average power loss respect that based on peak power
loss are the same with the rst case. That are the free space
path losses based on the average power loss are lower than
that based on the peak power loss. The free space path loss
with ideal Iter is lowest and it is higher when uses the —3
dB and —10 dB bandwidth Gaussian lters, respectively.
The free space path loss with Gaussian Iter can not b
directly derived in-the closed form formula. Therefore, the
2- and 3-point Gaussian integration formula [14] are used “_!i
estimate the equation. Hence, the accuracy of estimation &

$
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investigated.

Figure 6 shows the free space path losses based on average
Power loss for the rst case. The formula of the —10 dB band-
Width has the error more than that of the —3 dB bandwidth. For
the -3 dB bandwidth, the maximum errors of 2- and 3-point
Gaussian formula are about 0.08 dB and 0.01 dB, respectively.
For the —10 dB bandwidth, the maximum errors of 2- and 3.
Point Gaussian formula are increased to about 0.51 dB and
0.10 dB, respectively.

The free space path losses based on peak power loss for the
B8 case are shown in Fig. 7. For the —3 dB bandwidth, the
Maximum errors of 2-point Gaussian formula is about 0.02
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dB while that of 3-point Gaussian formula is approached to
zero. For the —10 dB bandwidth, the maximum errors of 2-
and 3-point Gaussian formula are increased to about 0.19 dB
and 0.02 dB, respectively.

Figure 8 shows the free space path losses based on average
power loss for the second case. For the —3 dB and —10
bandwidth, the maximum errors of 2- and 3-point Gaussian
formula are the same with rst case. That is about 0.08 dB
and 0.01 dB, respectively, for the —3 dB bandwidth and 0.51
dB and 0.10 dB, respectively, for the —10 dB bandwidth.

The free space path losses based on peak power loss for
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the second case are shown in Fig. 9. For the —3 dB and —10
bandwidth, the maximum errors of 2- and 3-point Gaussian
formula are the same with rst case.

V. CONCLUSIONS

In this paper, the free space path loss of UWB communica-
tions is studies. From the analysis results, the UWB free space
path loss at the frequency bandwidth about 500 MHz is almost
the same with that obtained from Friss’ formula. When the
frequency bandwidth is increased, the UWB free space path
loss is lower than that obtained from Friss’ formula. The free
space path loss based on the average power loss is lower that
that based on the peak power loss. The free space path loss
with ideal lter is lowest and it is higher when uses the —3

.dB and - 1G db bandwidth Gaussian !ters, respectively. For
the Gaussian integration formula which is used to estimate the
- closed form formula of the free space path loss with Gaussian
Iter. The 2- and 3-point Gaussian integration formula has
very errors which have maximum errors about 0.5 dB, and 0.1
dB, respectively. Therefore, the Gaussian integration formula
proposed in this paper can be welly used for evaluating the
UWB free space path loss.
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Abstract—In this paper, the path loss expressions of ultra
wideband (UWB) ground reflection channel are proposed. The
expressions are derived from the integral formula in the terms of
the closed form formula and double linear regression model based
on average power loss. The break point distance are expressed
in the exacted formula. The results are compared with other
models and verified with the measurement result. The results
are discussed in the conclusion.

I. INTRODUCTION

Recently, ultra wideband (UWB) radio technology has
become an important topic for microwave communication
because of its low cost and low power consumption potentials
[1]- [3]. UWB is different from other radio frequency (RF)
technologies. Instead of using a narrow carrier frequency,
UWB transmits pulses of power spectral density (PSD) in
the range of the ultra wide frequency spectrum. The Federal
Communication Commission (FCC) [4] in US specified that
UWB has a frequency spectrum ranging from 3.1 to 10.6 GHz
and the signal bandwidth is more than or equal to 0.5 GHz.

The Friis’ transmission formula is widely used to evaluate
the free space path loss of narrowband wireless system [5].
However, it is not directly applicable to the UWB commu-
nication because of the bandwidth of the pulse is extremely
wide. Therefore, the effect of bandwidth shall be considered in
the path loss evaluation. The extension of Friis’ transmission
formula in the complex form is developed for the UWB com-
munication [6], [7]. After that, the path loss of UWB ground
reflection channel is proposed. There are two definitions of
UWB ground reflection path loss. First is based on the peak
power loss [8]- [10]. It is already derived in the closed form
formula. Another one is based on the average power loss
proposed by Sato and Kobayashik (SK model) [11]. It is
expressed as the integral of continues wave (CW) loss across
the lower and upper limit frequency of the signal. Therefore,
the numerical integration technique is used to evaluate. There
are no derivation about the closed form expressions of the path
loss and the break point from this formula.

In this paper, the path loss expressions of UWB ground
reflection channel are proposed. The expressions are derived
from the integral formula of SK model in the terms of the

F2F-1

closed form formula and double linear regression model based
on average power loss. The break point distance are expressed
in the exacted formula. The obtained expressions are compared
with SK model [11] and another model proposed by Siwiak,
Bertoni and Yano (SBY) model [12], and also verified with
measurement result in [11]. The results are discussed in the
conclusion.

The rest of this paper is organized as follows. Section 2
and 3, the conventional and proposed UWB ground reflection
model are described. Next, the obtained results are compared
with other models and verified with the measurement results in
Sec. 4 and 5, respectively. Finally, conclusions are discussed
in Sec. 6.

II. CONVENTIONAL UWB GROUND REFLECTION MODELS

A. SK Model

SK model [11] is considered from the narrowband ground
reflection model, where there is a line-of-sight (LOS) between
the transmitter (Tx) and receiver (Rx) antennas, and there is
also a single wave reflected from the planar ground between
them, as shown in Fig. 1 [13], [14]. The path loss of a CW
signals Low [dB] is expressed as

-1

2
Lcw_—_IOlog[(ﬁ) A] ,

where d is the distance between the Tx and Rx antennas, f is
the frequency of the signal, c is the velocity of light, Ad is
the difference between the direct and reflected path,

2n fAd
A=1+72+27cos( uli +¢),

C

(1)

~ and ¢ are the magnitude and phase of ground reflection
coefficient, respectively.

The difference between the direct and reflected path can be
estimate to
- 2heh,

Ad y (2)

where h; and h, are the heights of the Tx and Rx antennas,
respectively. Furthermore, we can also assume the perfect
reflection. That is v =1 and ¢ = 7.
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Fig 1. Ground reflection model

For the short distance, the path loss fluctuates significantly
with distance due to interference between the direct and
ground reflection waves. The envelope of this path loss is
proportional to the square of the distance same with free space
channel. On the other hand, if the propagation distance is
much greater than the heights of Tx and Rx antennas, the
path loss smoothly increases and is proportional to the fourth
power of the distance. The breakpoint distance is defined as
the boundary between the short distance propagation region
with the path loss exponent is 2 and the long distance
propagation region with the path loss exponent is 4. Therefore,
the breakpoint distance d}, with this definition can be written
as

2mwhyh,
Sl 3
b T (3)
where ) is the wavelength of the signal.
The path loss of SK model Lsk [dB] is expressed below as
the integral of the CW loss given in (1) across the lower and
upper limit frequencies, fi, and fu, of the signal as

-1
B] , (@)

Lsk = 10log [fH 1 T

where

fu é 2
B=./J;L (4_”—}_(1) A(lf

B. SBY Model

SBY model is a theoretical multi slope wave propagation
model based on the measurement of UWB dispersive channel
[12]. The path loss of SBY model Lspy can be written as

) _
Lspy = 10log { (41r; d) [1 = e*{"‘/d)"d]} )

where fum = +/fufu is the geometric mean of the lower
and upper limit frequencies, n is the path loss exponent after
the breakpoint distance dy,. For the UWB ground reflection
channel, n is equal to 4.
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111. PROPOSED UWB GROUND REFLECTION MODEL

The path loss of proposed UWB ground reflection model
is derived from the integral formula of SK model [11]. The
proposed closed form formula of path loss Lpy can be written
as

1 C 2 -1
Lpr = 10log [ﬁ (m) (C+ D]] . (6)
where
C = (L+4%) (fu = fL)
fufu '
D = nE-F)+ G- H),
E = L cOos (M + ¢) s
fu c
Fo= LCDS(MJHI,)
Su c
G = sing [(31 (?1@) i (2nfLAd)] |
c
H = cos¢ [Si (M) _si (QWfLAd)l ’
c c
Ci(z) = / L osrar,
.
Si(z) = /n %Sin 7dT.

The proposed double linear regression model of UWB
ground reflection path loss is derived from the above closed
form formula. The path loss of this proposed double linear
regression model Lpas is

20 log (ﬂ%) d <dp
A . (7
10log (i) d>dy
where d,, is the break point distance, which is defined as

_dw fahehr
- . .

d (8)

From (7), we can see that the path loss before the breakpoint
distance is the same of free space path loss proposed by
IEEE 802.15.3a [15]) with path loss exponent is 2. After the
breakpoint distance, the path loss exponent is increased to 4
and the path loss is independent from the frequency parameters
of the UWB signal.

TABLE |
BREAKPOINT DISTANCES.

Bandwidth (GHz) o}, (m)  dp (m)
0.5 69.97 139.93
75 120,06 240.12
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Fig. 2. Path loss obtained from proposed model compared with that obtained
from SK model for 0.5 GHz signal bandwidth.

130 e e L —
1201
10
100
90|

80

Path loss (dB)

701

50

— SK model
o Proposed closed form formula

" ET
10° 10' 10 10°

Distance (m)

Fig. 3. Path loss obtained from proposed model compared with that obtained
from SK model for 7.5 GHz signal bandwidth.

[V. COMPARISONS

The proposed path loss expressions of UWB ground reflec-
tion channel are compared with SK and SBY models. For
the analyzed parameters, lower limit frequency fy, is fixed at
3.1 GHz, which is the UWB minimum frequency specified
by FCC [4]. The two cases of minimum and maximum UWB
signal bandwidths are investigated, that is 0.5 and 7.5 GHz
bandwidths. Therefore, upper limit frequency fy is equal to
3.6 and 10.6 GHz for first and second cases, respectively. The
Tx and Rx antenna heights are set to be hy = by =1 m. The
perfect reflection is assumed, that is v =1 and ¢ = .

Table 1 lists the breakpoint distance dj, obtained from
(3) of narrowband communication compared with breakpoint
distance d,, obtained from (8) of UWB communication for
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Fig. 4. Path loss obtained from proposed double linear regression model

compared with that obtained from SBY model for 0.5 GHz signal bandwidth.
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Fig. 5. Path loss obtained from proposed double linear regression model
compared with that obtained from SBY model for 7.5 GHz signal bandwidth.

both cases. For evaluating dy, the wavelength A = ¢/fm.
From this table, we can see that dy is double value of dp.
The breakpoint distance increases when the signal bandwidth
is increased with constant lower frequency limit. From these
results, the path loss along the distance from 1 to 1,000 m
are considered to investigate its characteristic before and after
breakpoint distance for both case.

Figs. 2 and 3 show the path losses obtained from proposed
closed form formula (6) compared with that obtain from SK
model (4) for 0.5 and 7.5 GHz signal bandwidths, respectively.
From these figures, the path losses obtained from proposed
closed form formula coincide very well with that obtained
from SK model for both cases. Then, the proposed closed
form formula is the exact solution of SK model.
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The path losses obtained from proposed double regression
model (7) compared with that obtain from SBY model (5)
for 0.5 and 7.5 GHz signal bandwidths are shown in Fig. 4
and 5, respectively. The path losses obtained from proposed
double liner regression model also coincide very well with
that obtained from SK model for both cases. Except near the
break point distance, they only have a little difference.

V. VERIFICATION

The path losses obtained from the proposed expressions are
verified with measurement results in [11]. The lower and upper
limit frequencies of UWB signal are set to fi, = 3.1 and
fu = 10.6 GHz, respectively. The Tx and Rx antenna heights,
he and h,, are changed to 0.1 m and distance d is considered
from 0.1 to 10 m for corresponding to the measurement
setup. The path losses obtained from the proposed closed form
formula and double linear regression model compared with
that of measurement results are shown in Fig. 6. We can see
that the path losses from proposed expressions correspond to
that of measurement results.

V1. CONCLUSION

In this paper, the path loss expressions of UWB ground
reflection channel are proposed. The path loss results are
compared with SK and SBY models and verified with the
measurements. The results coincide very well with compared
models and correspond to measurements. Therefore, these
proposed expressions are the one choice for modeling the path
loss of UWB ground reflection channel.
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