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6. = tan
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h) = [HNe s (3.26)
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ABSTRACT

In this paper, theoretical signal-to-noise ratio (SNR) gain
and bit error rate (BER) performances of ultra wideband
(UWB) communications with matched filter and correla-
tion receivers are proposed. The rectangular passband pulse
with specific center frequency and bandwidth is used as the
UWB transmitted signal. The complex form of Friis’ trans-
mission formula is consided as the UWB free space chan-
nel. Therefore, the distortion effect caused from free space
channel can consider. Afier that, the closed form expres-
sions of SNR gain and BER performances are derived and
illustrated. The results are discussed in the paper.

Keywords: Ultra wideband (UWB) communications,
matched filter receiver, correlation receiver.

1. INTRODUCTION

Recently, ultra wideband (UWB) radio technology has
become an important topic for microwave communication
because of its low cost and low power consumption poten-
tials [1]-[2]. The UWB technology is different from other
radio frequency (RF) technologies. Instead of using a nar-
row carrier frequency, UWB transmits pulses with power
spectral density (PSD) in the range of the ultra wide fre-
quency spectrum. The Federal Communications Commis-
sion (FCC) [3] in US specified that UWB signal has a fre-
quency spectrum ranging from 3.1 to 10.6 GHz. The FCC
defined the UWB signal as those which have a fractional
bandwidth equal or greater than 0.20, or occupies band-
width equal or greater than 500 MHz.

The Friis’ transmission formula [4] is widely used to cal-
culate the free space path loss for narrow band commu-
nication, After that, the complex form of Friis’ transmis-
sion formula is developed for UWB communications [5]-
[7). The matched filter and correlation receivers are used
as the UWB receivers [8]-[9]. Although, the performances
of UWB communications are analyzed [10]-[11], there are

ISBN 974-94418-9-3 ©2006 ECTI
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no considerations about the FCC regulation of UWB signal
and distortion of UWB signal caused by free space channel.

In this paper, theoretical signal-to-noise ratio (SNR) gain
and bit error rate (BER) performances of UWB communi-
cations with matched filter and correlation receivers are pro-
posed. The rectangular passband pulse with specific center
frequency and bandwidth is used as the UWB transmitted
signal [12]. The complex form of Friis’ transmission for-
mula is consided as the UWB free space channel. There-
fore, the distortion effect caused by free space channel can
consider. At the receiver, the matched filter and correla-
tion receivers with frequency transfer functions satisfied the
constant noise power condition between the input and out-
put are used. After that, the closed form expressions of SNR
gain and BER performances are derived and illustrated.

The rest of this paper is organized as follows. Sec-
tion 2, the theoretical closed form expressions of SNR gain
and BER performances for UWB communications with
matched filter and correlation receivers are derived. Next,
analysis results are illustrated in Sec. 3. Finally, the conclu-
sions are discussed in Sec. 4.

2. THEORETICAL SNR GAIN AND BER
PERFORMANCES

2.1. UWB Transmitted Signal

The UWB transmitted signal considered in this paper is a
rectangular passband pulse. The expression of this signal in
time domain v and its spectral density function V; are [12]

v (t)

%[fﬂsinc(Zth) — fusine(2fLt)], (1)

A fl-flsl
0 |Ifl-fl>%
where t is the time, f is the frequency, A is the peak ampli-

tude, f. is the center frequency, f}, is the spectral bandwidth,
fu = fc — fu/2 is the lowest frequency, fu = f. + fo/2

V() = { @
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is the highest frequency and sinc(z) = sin(nz)/(rz). This
signal has A V peak amplitude at time of zero and its spec-
tral density is real constant of 1/(2f) in the frequency
ranges from — fy to — fi, and f, to fy.

2.2. UWB Free Space Channel

For the UWB free space channel, the complex form of
Friis’ transmission formula is used [5]-[7). The transmit-
ting (Tx) and receiving (Rx) antennas are considered to have
one constant gains. The frequency transfer function of free
space channel Hy can be written as

c e—j21rfd/c’ (3)

Hf(fvd) = 47Tlf|d

where d is the transmitter-receiver (T-R) separation distance
and c is the velocity of light. This equation is satisfied
for both positive and negative frequencies as it satisfies the
causality.

2.3. UWB Received Signal

The spectral density of UWB received signal V; is calcu-
lated by using the multiplication between H; and V;, which
can be written as

Vi(f,d) = Hi(f,d) Vi(f) )

— _81r;|:4|f|de_j21rjd/c Nl = fe < ‘% .
0 Wfl=fol > &

This spectral density of UWB received signal included the
distortion effect caused by the UWB free space channel.

2.4. UWB Receivers

In this paper, the matched filter and correlation re-
ceivers with frequency transfer functions satisfied the con-
stant noise power condition between the input and output
are considered. The output signals of both receivers are
evaluated.

2.4.1. Matched Filter Receiver

For the matched filter or optimum correlation receivers,
the spectral density of template signal is the complex con-
Jjugate of V. with the gain is satisfied the constant noise
power condition. Therefore, the frequency transfer function
of matched filter receiver H,, can be written as

vh v, o)

VI Vil£,d)2df
- { Lhfneirnid/e ||f| - fo| < &

0 WA= fel > &7

Hm(fv d) =

where * is the complex conjugate operator.
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The spectral density of output signal from matched fil-
ter receiver Vi, is calculated by using the multiplication be-
tween H, and V;, which can be written as

_ {iﬁ%‘} 1= fl<
0 Ifl-fel> &

2.4.2. Correlation Receiver

For the correlation or transmitted template signal re-
ceivers, the spectral density of template signal is the com-
plex conjugate of V; with the gain is satisfied the constant
noise power condition. Therefore, the frequency transfer
function of correlation receiver H, can be written as

H(f) = vh V() M

—P )
VIE M(eds

— { 1 “fl_fCIS‘[i
0 Ifl-fl>% "
From this equation, the ideal band-pass filter is the correla-
tion receiver of the rectangular passband waveform.
The spectral density of output signal from correlation re-
ceiver V. is calculated by using the multiplication between
H. and V,, which can be written as

s = fl < & ’
0 lifl-fl>4&

which is the same pulse of the UWB received signal.

2.5. SNR Gain Performance

The matched filter and correlation receives used peak de-
tector to decide the digital data. Therefore, the theoretical
SNR gain of these receivers are defined as the ratio between
peak power of received signal at receiver input and that of
signal at receiver output. The SNR gains of matched filter
and correlation receivers, G and G, in dB can be respec-
tively derived as
®

Gn =

[ poo
201og | 2 IVm(f,d)lde’

I Va(F d)ldf

20log ——fb——] ,

_\/71,71{ In (‘%})

[ [ Vel d)df
| [ V(£ d)ldf

G. = 20log

} ) (10)

= 0.

The SNR gain of matched filter receiver depended on fre-
quency parameters of UWB pulse while that of correlation
receiver is 0 dB constant value.
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2.6. BER Performance

The theoretical BER performance is considered by us-
ing the correlation coefficient between received and tem-
plate signals. The correlation coefficients of matched filter
and correlation receivers, Cp, and C,. can be respectively
derived as

S5 V£ Dt
VIS Vil f, Rdf - 3 | Hunl £, d)Pef
= 1, (11)
Jo_ Ve(f, d)ldf

VI Vel d)2df - 2 |Ho(f, d) s
vViLfaln (%)

7 . (12)

The correlation coefficient of matched filter receiver is
the ideal case while that of correlation receiver is depended
on frequency parameters of UWB pulse.

The UWB modulation schemes can be classified in to
the antipodal modulation scheme such as binary pulse am-
plitude modulation (BPAM) and orthogonal modulation
scheme such as on-off keying (OOK) and pulse position
modulation (PPM) with modulation index of § = 1.

For the matched filter receiver which is ideal case, the
theoretical BER performance bounds in the additive white
Gausian noise (AWGN) of the antipodal and orthogonal
modulation schemes, By, » and Br, o, can be respectively
written as [14]

Baa = Q(,/%%), (13)
Bm,o = Q(VJE\l—,:)y (14)

where Ey, is the energy per bit, Ny is the noise power spec-
tral density and

Cn =

— __1_ ® —t2/2
Q(x) 7 /. e dt, = 2>0.

For the correlation receiver, the theoretical BER perfor-
mance bounds in the AWGN of the antipodal and orthogo-
nal modulation schemes, B , and B, ,, can be respectively
written as

81

— Matched fiiter receiver ' ' '
----- Correlation recelver
0.5
0.4
)
Z o3
£
[
-]
X 0.2
=
(2]
0.1
0
-0.1 1 1 1 1 1 1 1
1 2 3 4 5 6 7
Bandwidth (GHz)

Fig.1: SNR gains of matched filter and correlation receivers
along the bandwidth from 0.5 to 7.5 GHz.

3. PERFORMANCE ANALYSIS RESULTS

In this section, the performances of theoretical SNR gain
and BER are analyzed. The rectangular passband pulse is
used as the UWB transmitted signal. The center frequency
fe is set to be 6.85 GHz for all analysises, which is the cen-
ter frequency of UWB frequency bandwidth specified by
FCC [3].

Figure 1 shows the SNR gains of matched filter and cor-
relation receivers along the signal bandwidth from 0.5 to
7.5 GHz. The SNR gain of correlation receiver is 0 dB con-
stant value, while that of matched filter receiver is higher
when the signal bandwidth is wider. For the matched filter
receiver, the SNR gain of 0.5 GHz bandwidth is about 0.00
dB, while the SNR gain of 7.5 GHz bandwidth is about 0.54
dB.

For the BER analysis, the three cases of UWB signals
are considered. The signal bandwidths of first, second and
last cases are respectively set to be 0.5, 4.0 and 7.5 GHz,
which are the minimum, middle and maximum bandwidths
of UWB signals specified by FCC [3]. The BER of both
matched filter and correlation receivers for the antipodal and
orthogonal modulation schemes are shown in Figs. 2 and 3,
respectively. The BER of antipodal modulation scheme is
less than that of orthogonal modulation scheme, because of

Fita the decision threshold level of antipodal modulation scheme
Bea = Q ( 2V/Linln (‘%}) By (15) wider than that of orthogonal modulation scheme. The BER
’ \ JoNo ’ of matched filter receiver is the same for all cases of UWB

\ signals and is the theoretical BER bound, because of the

correlation coefficient is equal to 1.00 that is the template

ViLfaln (‘%‘) Ey signal is perfectly matched with received signal. Then, the

Beo = @ \ foNg ’ (16) distortion caused from free space channel can be eliminated.

\ For the correlation receiver, the BER is higher when the

bandwidth of UWB signal is wider. That because the fact
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Fig.2: BER of the matched filter and correlation receivers
Jor the antipodal modulation scheme.

of wider signal bandwidth has more distortion caused from
free space channel. The BER of 0.5 GHz signal bandwidth
is identical with that of matched filter receiver, because of
the correlation coefficient is about 1.00, while the others are
equal to 0.99 and 0.94 for 4.0 and 7.5 GHz signal band-
widths, respectively.

4. CONCLUSION

In this paper, theoretical SNR gain and BER perfor-
mances of UWB communications with matched filter and
correlation receivers are proposed. The distortion effect
caused form free space channel is considered. From the re-
sults, the SNR gain of correlation receiver is equal to 0 dB,
while that of matched filter receiver is higher when the sig-
nal bandwidth is wider. For the matched filter receiver, the
BER is the ideal theoretical bound which is the minimum
BER case. For the correlation receiver, the BER is higher
when the signal bandwidth is wider. That because the fact
of wider signal bandwidth has more distortion cause from
free space channel. Therefore, the design of template sig-
nal approached to ideal matched filter case is very attractive
challenge for improving both SNR gain and BER perfor-
mances.
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Abstract—In this paper, the bit error rate (BER) performance
of ultra wideband (UWB) communications with matched filter
and correlation receivers are analyzed. The rectangular passband,
modulated rectangular and modulated Gaussian waveforms, which
is satisfied the UWB signal definition and Federal Communications
Commission (FCC) indoor and outdoor limit spectral masks, are
used as the transmitted UWB signal. The complex form of Friis’
transmission formula is considered as the UWB free space channel.
Therefore, the distortion effects caused from the channel are
included. The BER performance of each waveform is shown and
compared. The results are discussed in the conclusion.

I. INTRODUCTION

An 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].
The UWB differs from the convectional narrow band radio
frequency (RF) and spread spectrum (SS) technologies. The
UWB uses an extremely wideband of RF spectrum to transmit
the data with very short pulses and power spectral density
(PSD) in the range of ultra wide frequency spectrum instead of
using narrow carrier frequency in traditional RF technologies.
The UWB is a unique and new usage of recently legalized
frequency spectrum. The UWB technology is specified the
frequencies ranging from 3.1 GHz to 10.6 GHz by Federal
Communications Commission (FCC) [4]. The FCC defined the
UWRB signal as those, which have a fractional bandwidth equal
or greater than 0.20, or occupied bandwidth equal or greater
than 500 MHz.

The Friis’ transmission formula [5] is widely used to calcu-
late the free space path loss for narrow band communications.
After that, the complex form of Friis’ transmission formula is
developed for UWB communications [6]-[8]. The matched filter
and correlation receivers are used as the UWB receivers [9]-
[12]. Although, the performances of UWB communications are
analyzed [13), [14], there are no considerations about the FCC
regulation of UWB signal and distortion of UWB signal caused
by channel. After that, the rectangular waveform distorted by
UWB free space channel is used to derive the theoretical BER

performance [15]. However, there are no considerations about
other causal waveforms.

In this paper, the BER performance of UWB communications
with matched filter and correlation receivers are analyzed.
The rectangular passband, modulated rectangular and modu-
lated Gaussian waveforms, which is satisfied the UWB signal
definition and FCC indoor and outdoor limit spectral masks
(16], are used as the transmitted UWB signal. The complex
form of Friis® transmission formula is considered as the UWB
free space channel. The spectral density of received signal
considering the distortion caused by free space channel is
evaluated. At the receiver, the matched filter and correlation
receivers with frequency transfer functions, which is satisfied
the constant noise power condition between the input and
output, are used. The BER performance of each waveform is
shown and compared.

This paper is organized as follows. Sections 2 and 3, the
UWB waveform models and analysis of BER performance are
briefly discussed, respectively. Next the analysis results are
illustrated in Sec. 4. Finally, the conclusions are discussed in
Sec. 5.

II. UWB WAVEFORM MODELS

For UWB waveforms, the rectangular passband, modulated
rectangular and modulated Gaussian waveforms are considered
as the UWB transmitted waveform (v¢) in time domain and its
spectral density (V;) in frequency domain. These waveforms
can satisfy the FCC definition of UWB signal and FCC spectral
masks for indoor and outdoor limits. The parameters obtained
from maximum bandwidth, amplitude and average power opti-
mizations, which is proposed in [16], are used.

A. Rectangular Passband Waveform

The rectangular passband transmitted waveform in time
domain and its spectral density function are given by

un(t) = # [fusinc(2fut) — fusine(2fLt)], 1)
A ”fl - fcl <
V, = 2fu 2
‘A { 0 |Ifl- fcl > Lzh ’ @
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Fig. 1. Block diagram of matched filter receiver system,
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where A is the maximum amplitude, f, is the occupied
bandwidth, fc is the center frequency, fi, = f. — fo/2 and
fu = fo + fv/2 are the minimum and maximum frequencies.

B. Modulated Rectangular Waveform

The modulated rectangular transmitted waveform in time
domain and its spectral density function are given by

w = {ARGTED MR o
_ A sinc(ty (f — fo))
V(f) = E’{ —sincfty(f + f.)] }, \{

where A is the maximum amplitude, f, is the carrier frequency
and ty, is the pulse width of waveform.
C. Modulated Gaussian Waveform

The modulated Gaussian transmitted waveform in time do-
main and its spectral density function are given by

w(t) = Ae”®/9sin(2rf.t), 5)
Ad/m e“"’zdz(f—fc)2
Ve(f) = ];/_ [ —e~mP(f+ 1) | (6)

where A is the maximum amplitude of envelope waveform, Je
is the carrier frequency and d is the 1/e characteristic decay
time.

III. ANALYSIS OF BER PERFORMANCE

In this section, the analysis of BER performance is theo-
retically discussed. The UWB waveform models discussed in
Sec. 2 are used as the UWB transmitted waveforms. For UWB
free space channel, the complex form of Friis’ transmission
formula is used [6]-[8]. The transmitting (Tx) and receiving
(Rx) antennas are considered to have one constant gains. The
frequency transfer function of free space channel H; can be
written as

Hf(f’ d) = 47I’|cfld

where d is the transmitter-receiver (T-R) separation distance
and c is the velocity of light. This equation is satisfied for both
positive and negative frequencies as it satisfies the causality.

The spectral density of UWB received signal V; is calculated
by using multiplication between H; and V;, which can be
written as

—j2= fd,
e-iznfd/c

)

Vi(f,d) = He(f,d) - Vi(f). @®
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Fig. 2. Block diagram of correlation receiver system,

This spectral density of UWB received signal includes the
distortion effect caused by UWB free space channel.

The matched filter and correlation receivers with frequency
transfer functions satisfied constant noise power condition
between input and output are considered. For matched filter
receiver or optimum correlation receiver, the spectral density
of template signal is the complex conjugate of V,. The block
diagram of matched filter receiver system is shown in Fig.
1. For correlation or transmitted template signal receiver, the
spectral density of template signal is the complex conjugate of
Vi. Figure 2 shows the block diagram of correlation receiver
system. The receiver gains of both receivers are satisfied
the constant noise power condition. Therefore, the frequency
transfer functions of matched filter and correlation receivers,
(H,, and H,), can be written as

V2fo

Hm(f,d) = _oohl/;(f:d)r (9)
V2 (S, d)2df
Hf,d) = h __vea, o

VIS Vel d)f2df

where * is the complex conjugate operator.
The spectral densities of output signal from matched filter
and correlation receivers, (Vi, and V), can be written as

Vm(f:d) Hm(fvd) I/r(f,d),
‘IC(fvd) Hc(f’d)v;'(f,d)'

an
12)

]

The signal-to-noise ratio (SNR) gain of these receivers are
defined as the ratio between average power of received signal
at receiver input and that at receiver output. The SNR gains
of matched filter and correlation receivers, Gm and G, can be
respectively written as

L2 Vi (£, @) 2df

O = WO 13
o0 2
: oo IVe(£, d)[2df (14)

S Vils, d)2df

The efficiency of receiver is considered by using correlation
coefficient between received and template signals. The correla-
tion coefficients of matched filter and correlation receivers, Cp,

ECTI-CON 2007
The 2007 ECT! Intemational Conference

873



SNR (dB)

Fig. 3. BER performance of matched filter receiver for UWB waveforms
satisfied FCC indoor limit spectral mask.

and C. can be respectively written as
max | [%2 Via(f, d)e??" St f|

VIS V£, P - [, |l ) dF
max | [, Ve(f, d)e??mt4f|

VIZa V(. dPdf - [, 1B, d)ar”

The UWB modulation schemes can be classified in to the
antipodal modulation scheme such as binary pulse amplitude
modulation (BPAM) and orthogonal modulation scheme such
as on-off keying (OOK) and pulse position modulation (PPM)
with modulation index of § = 1 [17]. In this paper, only BER
performance of antipodal modulation scheme is considered. For
orthogonal modulation scheme, the BER performance can be
evaluated in the same way as shown in [15], [18]. The BER
performance of matched filter and correlation receivers, B, and
B, in additive white Gaussian noise (AWGN) for antipodal
modulation scheme can be respectively written as

Crm

E [20mCfoS
Bn, = Q ( _BrN_) y (17)
B. = Q(\/wfﬁ), (8)

where B is the bit rate, S/N is the SNR at input of receiver
and

o o]
Q(z) = \/% e 24t z>0.
mJz

The SNR is normalized by average power of rectangular
passband waveform, which is the theoretical maximum average
power of UWB signal, for considering FCC spectral masks.
Moreover, the distortion effect caused from UWB channel,
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Fig. 4. BER performance of correlation receiver for UWB waveforms satisfied
FCC indoor limit spectral mask.

occupied bandwidth and bit rate are also included to analyze
the BER performance.

IV. ANALYSIS RESULTS

In this section, the analysis results of BER performance
are shown. The BER performance of transmitted waveforms,
which are the rectangular passband, modulated rectangular
and modulated Gaussian waveforms, are analyzed. The T-
R separation distance is set to be 10 m, while the bit rate
is set to be 110 Mbps. These parameters are based on the
IEEE 802.15.3a [19]. The parameters of each waveform, which
obtained from the maximum bandwidth, amplitude and average
power optimizations satisfied FCC spectral masks for indoor
and outdoor limits [15], are used.

Figures 3 and 4 show the BER performances of matched
filter and correlation receivers for UWB waveforms satisfied
FCC indoor limit spectral mask, respectively. The BER perfor-
mances of rectangular passband waveforms are lowest for both
matched filter and correlation receivers. The BER performances
of maximum amplitude and average power optimizations are
less than that of maximum bandwidth optimizations. That is
because the maximum bandwidth optimizations are much less
average power and slightly more bandwidth compared with
maximum amplitude and average power optimizations [16].
For comparison between modulated rectangular and Gaussian
waveforms, the BER performance of modulated rectangular and
Gaussian waveforms with maximum amplitude and average
power optimizations are almost the same and are better than
the others.

The BER performances of matched filter and correlation
receivers for UWB waveforms satisfied FCC outdoor limit
spectral mask are shown in Figs. 5 and 6, respectively. The
BER performances of rectangular passband waveforms are also
lowest for both matched filter and correlation receivers. For
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Fig. 5. BER performance of matched filter receiver for UWB waveforms
satisfied FCC outdoor limit spectral mask.

SNR (dB)

Fig. 6. BER performance of correlation receiver for UWB waveforms satisfied
FCC outdoor limit spectral mask.
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Abstract

In this paper, the bit error rate (BER) performance of ultra wideband (UWB) waveforms with
matched filter and correlation receivers is analyzed. The rectangular passband, modulated rectangular
and modulated Gaussian waveforms, which are satisfied the UWB signal definition and Federal
Communications Commission (FCC) indoor and outdoor limit spectral masks, are used as the
transmitted UWB signals. The complex form of Friis’ transmission formula is considered as the UWB
free space channel. Therefore, the distortion effects caused from the channel are included. The BER
performance of each waveform is shown and compared. The results are discussed in the conclusion.

Keyword: Bit error rate (BER), ultra wideband (UWB), indoor and outdoor spectral masks, antipodal

and orthogonal modulations, matched filter and correlation receivers.

1. Introduction

An ultra wideband (UWB)  radio
technology has become an important topic for
microwave communications because of its low
cost and low power consumption potentials [1],
[2]. The UWB radio technology differs from the
convectional narrow band radio frequency (RF)
and spread spectrum (SS) technologies. The
UWB radio technology uses an extremely
wideband of RF spectrum to transmit the data
with very short pulses and power spectral
density (PSD) in the range of ultra wide
frequency spectrum instead of using narrow
carrier frequency in traditional RF technologies.
The UWB radio technology is a unique and new
usage of recently legalized frequency spectrum.
The UWB radio technology is specified the
frequencies ranging from 3.1 GHz to 10.6 GHz
by Federal Communications Commission (FCC)
[3]. The FCC defined the UWB signal as those,
which have a fractional bandwidth equal or
greater than 0.20, or occupied bandwidth equal

or greater than 500 MHz.

The PSD of UWB signal dose not exceed
the FCC part 15 limits or -41.3 dBm/MHz, so
that the PSD of UWB signal is considered as the
noise for other radio communication systems.
Therefore, the UWB radio technology can
coexist with other RF communications without
interference. Moreover, the UWB radio
technology is an ideal candidate that can be
utilized for commercial, short-range, low power
and low cost indoor communication systems,
such as wireless personal area networks
(WPANS) [4].

The Friis’ transmission formula [5] is
widely used to calculate the free space path loss
for narrowband communications. After that, the
complex form of Friis’ transmission formula is
developed for UWB communications [6]-[8].
The matched filter and correlation receivers are
used as the UWB receivers [9]-[11]. Although,
the performances of UWB communications are
analyzed [12], [13], there are no considerations
about the FCC regulation of UWB signal and



distortion of UWB signal caused by channel.
After that, the rectangular waveform distorted
by UWB free space channel is used to derive the
theoretical BER performance [14]. However,
there are no considerations about other causal
waveforms.

In this paper, the BER performance
of UWB waveforms with matched filter
and correlation receivers is analyzed. The
rectangular passband, modulated rectangular and
modulated Gaussian waveforms, which is
satisfied the UWB signal definition and FCC
indoor and outdoor limit spectral masks [15], are
used as the transmitted UWB signal. The
complex form of Friis’ transmission formula is
considered as the UWB free space channel. The
spectral density of received signal considering
the distortion caused by free space channel is
evaluated. At the receiver, the matched filter and
correlation receivers with frequency transfer
functions, which are satisfied the constant noise
power condition between the input and output,
are used. The BER performance of each
waveform is shown and compared.

This paper is organized as follows.
Sections 2 and 3, the UWB waveform models
and BER performance analysis are briefly
discussed, respectively. Next the analysis results
are illustrated in Sec. 4. Finally, the conclusions
are discussed in Sec. 5.

2. UWB Waveform Models

For UWB waveforms, the rectangular
passband, modulated rectangular and modulated
Gaussian waveforms are considered as the UWB
transmitted waveform v, in time domain and its
spectral density ¥, in frequency domain. These
waveforms can satisfy the FCC definition of
UWB signal and FCC spectral masks for indoor
and outdoor limits. The parameters obtained
from maximum bandwidth, amplitude and
average power optimizations, which are
proposed in [15], are used.

2.1 Rectangular Passband Waveform

The rectangular passband transmitted
waveform in time domain and its spectral
density function are given by

v,() = %[f,, sinc(2/;,1) - £, sinc(2/,0] (1)
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where A is the maximum amplitude, f, is the
occupied bandwidth, f, is the center frequency,
fo=f.—f,/2 and f,=f +f,/2 are the
minimum and maximum frequencies. This
waveform has the 4/2f, constant magnitude of
spectral density in - f, to — f, and f, to f,
frequency ranges. The area of its spectral

density is _EF (f )df = A4, then this waveform

has the 4 maximum amplitude at # = 0. This is
the ideal case of UWB waveform then it used
to consider the upper limit of maximum
bandwidth, amplitude and average power for
UWB waveform.

2.2 Modulated Rectangular Waveform

The modulated rectangular transmitted
waveform in time domain and its spectral
density function are given by
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where A4 is the maximum amplitude, f, is the
carrier frequency and ¢, is the pulse width of

waveform
This waveform is modulated between the

A constant amplitude and ¢, width rectangular
pulse and f, carrier frequency. The sine

function is used for reducing direct current (DC)
component of modulated waveform to zero.

2.3 Modulated Gaussian Waveform

The modulated Gaussian transmitted
waveform in time domain and its spectral
density function are given by

v,(t) = d4e™""" sin(27 £1) 5)



V.(f) = A‘j‘z/; [e—x’d’(f-f,)’ —e N AUy ] (6)

where A is the maximum amplitude of envelope
waveform, f, is the carrier frequency and d is

the 1/e characteristic decay time.

This waveform is modulated between
the 4 maximum amplitude and d 1/e
characteristic decay time Gaussian pulse and f,

carrier frequency. The sine function is used for
reducing direct current (DC) component of
modulated waveform to zero, same the
modulated rectangular waveform.

3. BER Performance Analysis

In this section, the analysis of BER
performance is theoretically discussed. The
UWB waveform models discussed in Sec. 2 are
used as the UWB transmitted waveforms. For
UWB free space channel, the complex form of
Friis’ transmission formula is used [6]-[8]. The
transmitting (Tx) and receiving (Rx) antennas
are considered to have one constant gains. The
frequency transfer function of free space
channel H, can be written as

c

H, (f,d)=—F——e 2k 7
(fd) axlf]d )

where d is the transmitter-receiver (T-R)

separation distance and ¢ is the velocity of
light. This equation is satisfied for both positive
and negative frequencies as it satisfies the
causality.

The spectral density of UWB received
signal V, is calculated by using multiplication

between H, and V,, which can be written as
V.(f:d) =H . (f,d)-V,(f) ®

This spectral density of UWB received signal
includes the distortion effect caused by UWB
free space channel.

The matched filter and correlation
receivers with frequency transfer functions
satisfied constant noise power condition
between input and output are considered. For
matched filter receiver or optimum correlation
receiver, the spectral density of template signal
is the complex conjugate of V.. For correlation

or transmitted template signal receivers, the
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spectral density of template signal is the
complex conjugate of ¥, . The receiver gains are

satisfied the constant noise power condition.
Therefore, the frequency transfer functions of
matched filter and correlation receivers, H, and

H_, can be written as

2/,
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where * is the complex conjugate operator.

The spectral densities of output signal
from matched filter and correlation receivers,
¥, and ¥V, can be written as

Vafsd) =H,(f,d)-V.(f,d) (11)
Volf.d) =H (f)-V,(f,d) (12)

The signal-to-noise ratio (SNR) gain of
these receivers is defined as the ratio between
average powers of received signal at receiver
input and that at receiver output. The SNR gains
of matched filter-and correlation receivers, G

and G, can be respectively written as
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The efficiency of receiver is considered
by using correlation coefficient between
received and template signals. The correlation
coefficients of matched filter and correlation
receivers, C, and C; can be respectively written
as

(13)

(14)

= maxl[:Vm(f,d)e/Z'f' dfl
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C, (15)

C
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H.(f,d) df
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Fig. 1 BER of UWB waveform with matched
filter receiver satisfied FCC indoor limit
spectral mask for antipodal modulation
scheme.

The UWB modulation schemes can be
classified in to the antipodal modulation scheme
such as binary pulse amplitude modulation
(BPAM) and orthogonal modulation scheme
such as on-off keying (OOK) and pulse position
modulation (PPM) with modulation index of
6 =1 [16]. In this paper, BER performance of
antipodal and orthogonal modulation scheme is
considered. The BER performance of matched
filter and correlation receivers for antipodal
modulation scheme, B, , and B,,, in additive
white Gaussian noise (AWGN)
respectively written as [17]

B,, =QU %] )
B ’ 2Cchf,,S
Bc,a _Q( B,N ] (18)

The BER performance of matched filter
and correlation receivers for  orthogonal
modulation scheme, B,, and B, , in AWGN

can be written as [17]

_ , C.G./ .S

Bm,o_Q[ BrN ] (]9)
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Bc,a bt Q( B,N ] (20)

where B, is the bit rate, S/N is the SNR at
input of receiver and

can be
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Fig. 2 BER of UWB waveform with correlation
receiver satisfied FCC indoor limit
spectral mask for antipodal modulation
scheme.

0x) = J;—”

The SNR is normalized by average power
of rectangular passband waveform, which is the
theoretical maximum average power of UWB
signal, for considering FCC spectral masks.
Moreover, the distortion effect caused from
UWB channel, occupied bandwidth and bit rate
are also included to analyze the BER
performance.

fe"z’zdt, x>0

4. Analysis Results

In this section, the analysis results of BER
performance are shown. The BER performance
of transmitted waveforms, which are the
rectangular passband, modulated rectangular and
modulated Gaussian waveforms, are analyzed.
The TR separation distance is set to be 10 m,
while the bit rate is set to be 110 Mbps. These
parameters are based on the IEEE 802.15.3a
[18]. The parameters of each waveform obtained
from the maximum bandwidth, amplitude and
average power optimizations satisfied FCC
spectral masks for indoor and outdoor limits are
used [14].

Figures 1 to 4 show the BER
performances of matched filter and correlation
receivers for UWB waveforms satisfied FCC
indoor limit spectral mask. The BER
performances for antipodal modulation scheme
are shown in Figs. 1 to 2, and that for orthogonal
modulation scheme are shown in Figs. 3 to 4.
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Fig. 3 BER of UWB waveform with matched
filter receiver satisfied FCC indoor limit
spectral mask for orthogonal modulation
scheme.
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Fig. 4 BER of UWB waveform with correlation
receiver satisfied FCC  indoor limit
spectral mask for orthogonal modulation
scheme.

From these figures, we can see that the
BER performances of rectangular passband
waveforms are lowest for all cases. The BER
performances of waveform obtained from
maximum amplitude and average power
optimizations are less than that obtained from
maximum bandwidth optimizations. That is
because the waveforms obtained form maximum
bandwidth optimizations are much less average
power and slightly more bandwidth compared
with that obtained from maximum amplitude
and average power optimizations [15]. For
comparison between modulated rectangular and
Gaussian waveforms, the BER performance of
modulated rectangular and Gaussian waveforms
with maximum amplitude and average power
optimizations are almost the same and are better
than the others.
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Fig. 5 BER of UWB waveform with matched
filter receiver satisfied FCC outdoor limit
spectral mask for antipodal modulation
scheme.
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Fig. 6 BER of UWB waveform with correlation
receiver satisfied FCC outdoor limit
spectral mask for antipodal modulation
scheme.

The BER performances of matched filter
and correlation receivers for UWB waveforms
satisfied FCC outdoor limit spectral mask are
shown in Figs. 5 to 8. The BER performances
for antipodal modulation scheme are shown in
Figs. 5 to 6, and that for orthogonal modulation
scheme are shown in Figs. 7 to 8.

The BER performances of rectangular
passband waveforms are also lowest. The BER
performances for FCC outdoor limit spectral
mask are more than that for FCC indoor limit
spectral mask. For comparison between
modulated rectangular and Gaussian waveforms,
the BER performances of modulated Gaussian
waveform with maximum amplitude and
average power optimizations are clearly better
than the others. That is because the side lobe
spectrum of modulated Gaussian waveform less
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Fig. 7 BER of UWB waveform with matched
filter receiver satisfied FCC outdoor limit
spectral mask for orthogonal modulation
scheme.

than that of modulated rectangular waveforms
and the FCC outdoor spectral mask is very strict
compared with the FCC indoor spectral mask.
Therefore, the modulated Gaussian waveform is
appropriate for this case.

For considering the modulation scheme, the
BER of antipodal modulation scheme is less
than that of orthogonal modulation scheme
because of the decision threshold level of
antipodal modulation scheme is wider than of
orthogonal modulation scheme.

5. Conclusion

In this paper, the BER performance of
UWB waveforms with matched filter and
correlation receivers are analyzed. The
rectangular passband, modulated rectangular and
modulated Gaussian waveforms, which are
satisfied the UWB signal definition and FCC
indoor and outdoor limit spectral masks with
antipodal and orthogonal modulation schemes,
are used as the transmitted UWB signal. From
the results, the BER of rectangular passband
waveform with matched filter receiver is the
ideal theoretical bound, which is the minimum
BER performance case. The modulated
rectangular and Gaussian waveforms with
maximum amplitude and average power
optimizations are appropriate for FCC indoor
limit spectral mask, while the modulated
Gaussian waveform with maximum amplitude
and average power optimizations is appropriated
for FCC outdoor limit spectral mask.
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Fig. 8 BER of UWB waveform with correlation
receiver satisfied FCC outdoor limit
spectral mask for orthogonal modulation
scheme.
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