INNMOIYANA NIz IAIANS Ty

a ¢ A A v a
ﬂ1i’Jlﬂ51zﬂgllﬂﬁ‘M‘U?Nﬂ1iﬁﬂﬁ’1§!!ﬂﬂ!!ﬂllﬂ'3"l\‘m\‘l

WAVEFORM ANALYSIS OF ULTRA WIDEBAND COMMUNICATIONS

T065482|'

NIHM HINUAY
KRITSANA WANSIANG
T
25U
4
1?16“1'”\! ....................... 000000068 l’

- 11b95
!aﬂd'y}s:p;‘i'\;!.'.'“6.'"5..2.§..25..4’9 ' .b------------t;?{-flﬁ:..?qnncl
s - = i h 2 ! g
?u,lao“,ﬂ"j‘"l"q].ﬂ““”“ ) l Jeesuistiavissdusanvan

a a JA: I U 4' =< U a a U A
"mz:mwuﬁmﬂumuﬂmmaan1sﬂﬂy1ﬂ1uwangﬂsﬂ§qq1m'snssuﬂmmumummm
awﬁm"?mnsmm IAUNA
UUNAINe e

L% = v v U
an mumﬂiuiauwsmamnmm mnmm INANICUN
N.7.2549

ISBN 974-15-2726-8



WAVEFORM ANALYSIS OF ULTRA WIDEBAND COMMUNICATIONS

KRITSANA WANSIANG

A THESIS SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENT FOR THE DEGREE OF
MASTER OF ENGINEERING IN INFORMATION ENGINEERING
SCHOOL OF GRADUATE STUDIES
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG
2006
ISBN 974-15-2726-8



COPYRIGHT 2006
SCHOOL OF GRADUATE STUDIES
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG



v Y Aa o d a o A " 9 A
KIVOINUIUNUD ﬂ15')!?\513"21]?]?111‘1]?)\1ﬂ'ﬁﬁﬂﬁ'ﬁllﬂ‘lj!mﬂﬂ'J'NfN

WNANN WNHUL MINUTD
sHeinAny 47061132

UInya AAINTIUAAATUN T UNA
M WINITUAIAUNA

.71, 2549 '

= = d a
910158AIVANINNTINUE AR AYY qNIIHYD

UNAALD
a a o % J’ 9 o 4’5 ] ' o Qo 4 9 A'

Tuaneinusatuil Idinduegiaiuedisiisdmivams deasuouniiegs (UWB)

é o 4 _ o H o _ 4
Faildgdaduilul)awiomvesdayanm uws A lddmuaTasanznssnimimsdems
uvaansgemsn1 (FCC) Tasnnsangladunuunouiuamasy, jUaauuuudmasuign

A s A A 4 o A Py
vegian, JUaduuuINdhgauegiae, JURauIVLTMABNA UG, 3UA T IULINdADIA
A' a o o ' a & 4 A'l P o £y
pazgladunuyesewRauLINg lanis s ilines iz auvewans Jiaauni v
1@anunuuniven) nasuveasfias (PSD) nurnszvweenuudy Tuawanl nasuinsan

o o e 4 & ° ~ % H o
dmua Hdmiunsdeas Uws Faessimsinsanlmiiu lawaloasuunsansimua

% 4 v a J g
Tas FCC, amijumiasgiunisdearsuvagTsil (BTSI) nagniznsamaivdnazmsaoans

o a ada o I's a1 a
molulszma (MIC) vesssmagjiju TasnvsannstinluuuaIann3 uuniga neuwaga
a o w P a A A 9 ' dy ° i’ﬂ @ 1 9 Aa o o

geiga nazidundnnndige sadud lamartiannsminnlfdudyanudsdrededmsy

s zuaziiasemsmaumilsansnmuesszuumsdeds UWB



Thesis Title Waveform Analysis of Ultra Wideband Communications

Student Mr. Kritsana Wansiang

Student ID. 47061132

Degree Master of Engineering

Program Information Engineering

Year 2006

Thesis Advisor Asst.Prof. Pichaya Supanakoon
ABTRACT
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ABSTRACT

In this paper, the simple waveform is satisfied the UWB
dcfinition and spectral masks for the indoor and outdoor
limits. The rectangular passband, modulated rectangular,
modulated Gaussian, rectangular doublet, Gaussian dou-
blet and Gaussian monocycle waveforms are considered.
The PSD and paramcters of each optimized waveforms are
showed. The optimized results arc discussed in the conclu-
sion.

1. INTRODUCTION

Recently, ultra wideband (UWB) radio technology has
become an important topic for microwave communica-
tion becapsc its potential is low cost and low power con-
sumption propertics [1]. UWB is different {rom other ra-
dio frequency (RF) technologies. Instead of using a nar-
row carrier frequency, UWB transmits pulses of power
spectral density (PSD) in the range of the ultra wide fre-
quency spectrum. The Federal Communication Commis-
sion (FCC) [2] in US specificd that UWB has a frequency
spectrum ranging from 3.1 to 10.6 GHz. The FCC defincd
the UWB signal as those which have a fractional band-
width greater than 0.20 or occupies bandwidth greater than

500 MHz. The fractional and occupies bandwidth arc de- -

fined as

2(fu — fu)
m+Nn QL

Ju-=fe. (2)

wherc fi, and [ are the lower and upper frequencics at the
-10 dB point, respectively.

The power density of the UWB signal is considcred
1o be noise for other communication systems because its

- power spectrum is below the part 15 noisc limit. The UWB

recciver collects the power of the reccived signal to rebuild
the pulse. Therefore, UWB radio technology can coexist
with other RF tcchnologies without intcrference.

Numerous UWB waveforms have been proposed [3].
The waveform designs are rcviewed, but no considered
about thc UWB definition and spectral masks specify by
FCC. There arc mayn techniques for designing the UWB
waveform such as by using the Hermite function [4])-(5)
and prolate spheroidal wave function (6]. The nwmnerical
technique arce also used 1o design the UWB waveform [7]-
[8]. Although the wavetorm has very high effective spec-
tral in"the designed frequency range, but the algorithms of
these techniques are complicated.

Fractional bandwidth

Ocenpies bandwidth =

In this paper, the simple waveform is satisfied the UWR
definition and spectral masks for the indoor and outdoor
limits. The rectangular passband, modulated rectangular,
modulated Gaussian, rectangular doublet, Gaussian doy-
blet and Gaussian monocycle waveforms are considered,
They arc optimize for maximum bandwidth, amplitude and
average power in the frequency rage from 3.1 to 10.6 GHz,
The binary pulsc-amplitude modulation (PAM) with bal-
ance binary data independent identically distributed ran-
dom sequence is considered to casily derive the PSD of the
waveforms. The PSD and paramcters of cach optimized
waveform showed. The optimized results arc discussed in
the conclusion.

2. WAVEFORM MODEL

‘The rectangular passband, modulated rectangular, mod-
ulated Gaussian, rectangular doublct, Gaussian doublet
and Gaussian monocycle waveforms are considered. The
waveform is assumed to be voltage signal. For obtaining
the continuous component of PSD, the binary PAM with
balance binary data indepcndent identically distributed
random sequence is considered. Then, the PSD of the
transmittcd waveform can be simplified to [9)

SN = U, ®

where T is the time interval of one waveform and F(f) is
the spectral density function of the wavcform. The spectral
density function can be calculated by using Fourier trans-
form,

£y = /_““ f(®)e=2" b, @

where f(t) is the waveform in time domain.

2.1 Rectangular Passband Waveform

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

ity = %[j"sinc(Zj“t)—f.,sint"(2f|_l)}. (5)

A I
o RS o
. 0 =S

where A is the maximum amplitude, fi, is thc occupies
bandwidth, /. is the center frequency, fi - [, — fi,/2 and
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fu = fe + fu/2 are the minimum and maximum frequen-
cies.

This waveform has the A/(2/y,) constant magnitude of
spectral density in the — fi o0 — fi, and fi. to fy; [requency
ranges. The arca of its spectral density is [ F(f)df -
A then this waveform has maximum amplnude isAatt =
0. This is the ideal case of the UWB waveform then it used
to considered the upper limit of the maximum bandwidth,
amplitude and power for the UWB waveform.

2.2 Modulated Rectangular Waveform

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

- {Asin((‘.)?rrj,:f.) :::(; P

. _ Al [ sinet(f - £0))
B 3 ]_z{ —sine{tn(f + f¢)) } 2

where A is the maximum amplitude, [ is the carrier fre-
quency and I, is the pulsc width of the waveform.

This waveform is modulated between the A constant
amplitude and ty, width rectangular pulse and f, carrier fre-
quency sinc function. The sine function is used for reduc-
ing the direct current (DC) component of the modulated
wavcform to zero.

2.3 Modulated Gaussian Waveform

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

J(t) = AN sin(2mfe), ©)
. Ad e w1
F(f) = 1‘2/‘[ e F A+ 12 J. (10)

where A is the maximum-amplitude of the cavelope wave-
form, f is the carrier frequency and d is the 1 /e- character-
istic decay time.

This waveform is modulated between the A maximum
amplitude and @ 1/e characlcristic decay time Gaussian
pulse and /. carrier frequency sinc function. The sinc func-
tion is used for reducing the direct current (DC) component

This waveform is consisted two rectangular pulses
which onc is the inVerse amplitude of the other each pulse
has t,/2 width. The area of its waveform is [ r(tydt =
0 then this waveform has zero DC component.

2.5 Gaussian Doublet Waveform

The Gaussian doublct waveform in 1:me domain and its
spectral density function are given by

[0 <= A{eterone? -t} g3
F(f) = j2Adyme "4 sini2ntof), (1)

where A is the maximum amplitude, d is the 1/e character-
1stic deeay time and L is the scparation time between the
maximum amplitude of cach pulse.

This waveform is consisted two Gaussian pulses which
one is the inverse amplitude of the other and the pulses
arc scparated by the time gap of /y between the maximum
of each. The area of its waveform is [~ f(#)dt - 0 then
this waveform has zero DC component save the rectangular
doublet waveform.

2.6 Gaussian Monocycle Waveform

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

= - 2L —itd)? !
s = A(l ‘p)e . (15)
F(f) = 24 /rf2e =40 (16)
where A is the maximum amplitude, £}, = V2d is the pulse

width.

This waveform is the sccond derivative of the Gaussian
puise. The maximum amplitude is normalized to be A at
¢ = 0. The amplitude is to be zcroat £ = =/2d/2 then the
pulse width is t}, = v/2d. This waveform is also has zoro
DC component.

3. OPTIMIZATION

The waveforms models is optimized for UWB commu-
nication. The UWB dcfinition by FCC is considered [2].
The condition of fi, and fy are set to 3.1 Gllz < f;. <

of the modulated waveform to zero same the modulated
rectangular waveform. -

2.4 Rectangular Doublet Waveform

The rectangular doublet waveform in time domain and
its spectral density function arc given by

{ A —<tco

Ity =
0 h>%1=0

Fify - jAtpsine (%) sin ("I:I) . (12)

where A4 is the amphtude and 1, is the pulse width.

Ju < 10.6 GHz. Each waveform must has fractional band-
width greater than 0.20 or occupics bandwdth greater than
500 MHz. After that, Each waveform is satisfied the FCC
spectral masks for indoor and outdoor limits. The three
assumptions for good UWB signal wavcform are consider.
First is high bandwidth for reducing the effect of multipath
fading [10]. Next is high amplitude for i increasing the ef-
ficiency of peak detcction receiver. Final is high average
power for increasing the signal to noise raud(SNR). Then,
cach waveform is optimized for maximum bandwidth. am-
plitude and average power in the frequency range from 3.1
10 10.6 GHz. For the optimization, the solution of fre-
quency is 0.01 GHz, the time is 0. Ol ns and the amplitude
15001 V.
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Fig.1: PSD of optimized rectangular passband waveform
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Fig.2: PSD of optimized modulated rectangular waveform
ipared with spectral masks for indoor limit.

compared with spectral masks for indoor and outdoor lim-
its.

3.1 Optimization of Rectangular Passband Waveform

For the indoor and outdoor limits, the paramcters ob-
tain from the maximum bandwidth, amplitudc and aver-
age power optimization are the same. The results are,
/o = 7.50 GHz, f. = 685 GHz, fr. = 3.10 GHg,
Ju = 10.60 GHz and A = 4.08y/T; V. The optimized
wavefonn has 1.09 fractional bandwidth and 7.5 GHz oc-
cupies bandwidth. The average power of this waveform is
-59.54 dBm. lts PSD comparcd with spectral masks for
indoor and outdoor limits are shown in F ig. L.

3.2 Optimization of Modulated Rectangular Waveform

For the indoor limit, the paramcters obtain from the
maximum bandwidth optimization are tp =021 ns, fo =
6.62 GHz and A = 0.57/T; V. the optimized wave-
form has 1.09 fractional bandwidth and 7.42 GHz occu-
pies bandwidth. The average power of waveform is -75.44
dBm. For the maximum amplitude and averagc power op-
timization, the parameters are the same. The obtained re-
sults are £y, = 0.22 ns, /. = 6.58 GHzand A — 2.52yT,
V. The optimized waveform has 0.98 fractional bandwidth
and 6.72 GHz occupies bandwidth. The avcrage power of
wavcform is -62.24 dBm. The PSD compared with spectral
masks for indoor limit arc shown in Fig. 2.

For the outdoor limit, the parameters obtain from the
‘maximum bandwidth optimization are th =0.21ns, f, =
6.62 GHz and A = 0.57TC V. The optimized wave-
form has 1.09 fractional bandwidth and 7.42 GHz occu-
pies bandwidth. The average power of wavcform is -75.44
dBm. For the maximum amplitude optimization, the pa-
rameters are &, = 0.22 ns, f, = 6.46 GHz and A —
0.89/T; V. The optimized waveform has 1.03 fractional
bandwidth and 6.87 GHz occupics bandwidth. The aver-
age power of waveform is -71.32 dBm. For the maximwn
average powcr optimization, the parameters are ty = 0.96
ns, fo = 6.72GHz and A = 0.57VTL V. The optimized
waveform has 0.23 fractional bandwidth and 1.54 GIlz oc-

Frequency (GHz)

Fig.3: PSD of optimized modulated rectangular :vaveﬁ:rm
compared with spectral masks for outdoor limit. .

cupics bandwidth. The average power of waveform is -
68.22 dBm. The PSD compared ‘with spectral masks for
outdoor limit are shown in Fig. 3.

3.3 Optimization of Modulated Gaussian Waveform

For the indoor limit, the paramclers obtain from the
maximum bandwidth optimization arc d == 0.10 ns, [, =
6.85 GHz and A = 0.93\/T, V. The maximum amplitude
is 0.82/T; V. The optimized waveform has 1.00 fractional
bandwidth and 6.82 Gllz occupics bandwidth. The average
power of waveform is -72.71 dBm. For the maximum am-
plitude and average power optimization, the parameters arc
the same. The obtained results are d = 0.11ns, f. =7.34
GHz and A = 2.79y/T; V. The maximum amplitude is
2.55(/T, V. The optimized waveform Kas 0.84 fractional
bandwjdth and 6.20 GHz occupies bandwidth. The aver-
age power of waveform is -62.75 dBm. Thé PSD compared
with spectral masks for indoor limit are shown in Fig. 4.

For the outdoor limit. the parameters obtain from the
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maximum bandwidth optimization are d = ().10 ns, To o
6.85 GHz and A = 0.93\/T; V. The maximum amplitude
is 0.82\/T; V. The optimized wavcform has 1.00 fractional
bandwidth and 6.82 GHz occupies bandwidth. The average
power of waveform is -72.71 dBm. For the maximum am-
plitude and average power optimization, the parameters are
the saine. The obtaincd results arc d = 0.13 ns, f. =6.85
GHz and A = 2.36y/T; V. The maximum amplitudc is
2197 V. The optimized waveform has 0.77 fractional .
bandwidth and 5.24 GHz occupies bandwidth. The aver-
age power of wavelorm is -63.43 dBm. The PSD compared
with spectral masks for outdoor limit are shown in Fig. 5.

3.4 Optimization of Another Waveform

For the rectangular doublet, Gaussian doublet and Gaus-
sian monocycle waveforms, they can not optimize by using
condition 3.1 GHz < f;, < fu < 10.6 GHz. Although
these waveforms are set to be wide bandwidth by adjusting
the pulse width and the DC component is zero, but they

can not set the center frequency. Then these waveforms is
impossible to satisfied this condition. The modified wave-
form can use to satisfied this condition. Such as using more
doublet pulse for rectangular and Gaussian doublct wave-
forms, and using higher ordgr of derivative to modify the
Gaussian monocycle waveform. These techniques can in-
creasc the center frequency of the waveform.

4. CONCLUSIOIN

In this paper, the simple waveform is satisfied the UWB
definition and spectral masks for the indoor and outdoor
limits. The rectangular passband, modulated rectangular,
modulated Gaussian, rectangular doublet, Gaussian dou-
blet and Gaussian monocycle wavcforms are considered.
From the optimization results, the rectangular passband
waveform obtaincd the maximum bandwidth, amplitude
and average power. It can consider to be the upper band or
the best case of UWB waveform. For the comparison be-
tween the modulated rectangular and Gaussion waveform,
the modulated rectangular obtained wider bandwidth for
the indoor and outdoor limits. The modulated Gaussion ob-
tain the higher amplitude for the indoor and outdoor limits.
For the indoor limit, the modulated rectangular waveform
obtain more average power while the modulated Gaussion
waveform obtain more average power for the outdoor limit.
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Abstract— In this paper, the simple waveforms for UWR com-
munications are presented to satisfy the European Telecommuni-
cations Standards Institute (ETSI) slope masks. The rectangular
passband, modulated rectangular and modulated Gaussian wave-
forms are considered. They are optimized to maximized band-
width, amplitude and average power in the frequency rage from
3.1 to 10.6 GHz. The binary pulse-amplitude modulation (PAM)
with balance binary data independent identically distributed

d e is ¢ cred to casily derive the power spectral
denslty (PSD) of the waveforms. The PSD and parameters of
each optimized waveforms are shown. The optimized 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 potential low cost and low power consumption
properties [1]. UWB is different from other radio frequency
(RF) technologies. Among UWB technologies is advantageous
with respect to the simple hardware. Instead of using a narrow
band carrier modulation, pulsc trains are transmitted with
ultra wide frequency spectrum. The Federal Communications
Commission (FCC) [2] in US specificd that a frequency
spectrum range from 3.1 to 10.6 GHz are assigned for the
main band of UWB signal. The FCC dcfined the UWB signal
as those which have a fractional bandwidth greater than 0.20
or occupied bandwidth greater than 500 MHz. The fractional
and occupied bandwidth arce defined as

2 fiy -
Fractional bandwidth = ﬂl——ﬂ th
fu+ N
Occupied bandwidth = fiy - fi. ()

where fi, and fy are the lower and upper frequencies at the
-10 dB point, respectively.

There are several radiation limits of the UWB signal for the
indoor and outdoor applications such as FCC spectral masks
and European Conference of Postal and Telecommunications
(CEPT) spectral masks [3] proposed by ETSL The power
spectral density (PSD) of the UWRB signal is considered o
be a noise for other communication systems because its PSD
is even below the noise emission level of personal computers
(PCs). The UWB recciver collects the power of the received

signal to rebuild the pulse. Therefore, UWB radio technology
can coexist with other RE technologies without interference.

Numerous UWB. waveforms have been proposed [4]. The
waveform designs are reviewed. the UWB definition and spec-
tral masks were not considered. There are many techniques for
designing the UWB waveform such as by using the Hermite
function {5}-|6] and prolate spheroidal wave function [7]. The
numerical technique is also used to design the UWB waveform
[8]-19]. Although these waveforms have very high spectral
efficiency in the designed frequency range, the algorithms
of these techniques are complicated. After that, the simple
waveforms for UWB communications are proposed [10]. But
they did not consider for the CEPT radiation limits.

In this paper, the simple waveforms for UWB communica-
tions are prescnted (o satisfy the ETSI slope masks. The CEPT
indoor and outdoor masks for the UWB communications are
shown in Fig. 1. The rectangular passband, modulated rec-
tangular and modulated Gaussian waveforms are, considered.
They are optimized to maximized bandwidth, amphtudc and
average power in the frequency range from 3.1 to 10.6 GHz.
The PSD and parameters of cach optimized waveform are
shown. The optimized results are discussed in the conclusion.

IT. WAVEFORM MODEL

The rectangular passband, modulated rectangular and mod-
ulated Gaussian waveforms are considered. These waveforms
are assumed to be a voliage signals. For obtaining the contin-
uous component of PSD, the binary PAM with balance binary
data independent and identically distributed (i.i.d.) random
sequence is considered. Then, the PSD of the transmitted
waveform can be simplilicd o [9]

S(f) = | (NI 3

where 75 is the time interval of one wpvcfom\ and F(f) is
the spectral density function of the waveform. The spectral
density [Gnction can be caleulated by using Fourier transform,
~
Fif) = / f(De= 32Ty, (C)]
. I

where f(f) is the waveform in time domain.
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Fig. |. CEPT indoor and outdoor masks lor UWB communications.

A. Rectangular Passband Waveform

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

f(t) = %:‘(fllsi""(2flll)_jl.5i11(3(2fl.’)l. (5)

A=< B
= 2/ 2
L { 0l - Sl L 1

where A is the maximum amplitude, f), is thc occupied
bandwidth, f. is the center frequency, fy, = f. — fn/2 and
fu = fc+ fi,/2 are the minimum and maximum frequencies,
respectively. 3

This waveform has the A/(2fp) constant magnitude of
spectral density in the — fiy to —fi, and fi, to fy frequency
ranges. The area of its spectral density is [*_ F(f)df = A,
then this waveform has maximum amplitude-is A at t = (.
This is the ideal casc of the UWB wavcform then it used
to considered the upper limit of the maximum bandwidth,
amplitude and power for the UWB waveform.

B. Modulated Rectangular Waveform

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

[t <

I

L

) = { .4.\'in(:7ffrf) W >.';I: . (7
Al [ sine{h,(f - fe))
F(f) = 72 { -sine[t,(f + fo)] } =

where A is the maximum amplitude, f, is the carrier frequency
and ¢y, is the pulse width of the waveform.

This waveform 1s modulated between the A constant ampli-
tude and f), width rectangular pulse and f, carrier frequency.
The sine function is used for reducing the direct current (DC)
component of the modulated waveform to zero.

C. Modulated Gaussian Waveform

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

ft) = Ae" WD in(2rf.t). )

. Ad/m " -1y
l'(f) = 72 [ —c":"'.(/*'l.-)"' }

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

The sine function is used for reducing the DC component of
the modulated waveform 1o zero as the same as the modulated
rectangular waveform.

(10)

L. RADIATION POWER

For considering the radiation power, the transmitter (Tx)
antenna is assumed to be the isotropic antenna. Therefore, the
PSD of the radiation waveform can be written as

A
SK = —,S 5
(f) Rz + 7. (f)
where 2, is the Tx antenna resistance, Z; and Z, arc the
internal circuit and Tx antenna impedances, respectively.

The matching impedance case is consider for obtaining
the maximum radiation power. Then, R,. Z; and Z, are set
to be R. The path loss and the mcasurcment system is, not
considered in this paper.

Iy

IV. OPTIMIZATION

The waveforms are optimized for UWB communication.
The UWB definition by FCC is considered [2]. The,condition
of fy and fy are set to 3.1 GHz < fi, < fu < 10.6 GHz.
Each waveform must have fractional bandwidth greater than
0.20 or occupied bandwidth greater than 500 MHz. In addition
.cach waveform is satisfied the ETSI slope masks. The three
assumptions for good UWB signal waveform are consider.
First is higher bandwidth for reducing the effect of mul-
tipath fading [10]. Next is larger amplitude for incrcasing
the cfficiency of peak detection receiver. Final is higher
average power for increasing the signal to noise ratio (SNR).
Then, each waveform is optimized to maximized bandwidth,
amplitude and average power in the frequency range from 3.1
to 10.6 GHz. For the optimizations, the solution of frequency
is 0.01 GHz. the time is 0.01 ns and the amplitude is 0.01 V.

A. Optimization of Rectangular Passhand Waveform

For the indoor and outdoor limits. the parameters obtain
from the maximum bandwidth. amplitude and average power
optimizations are the same. The results are fi, = 7.50 GHz.
fo = 6.835°GHz. fi, = 3.10 GHz. fi = 10.60 GHz and .1 =
8.16y/RT. V. The optimized waveform has 1.09 fractional
bandwidth and 7.5 GHz occupied bandwidth. The average
power of this waveform is -39.34 dBm. Its PSD compared
with CEPT indoor and outdoor masks are shown in Fig. 2.
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B. Optimization of Modulated Rectangular Waveform

For the indoor mask, the parameter obtain from the maxi-
mum bandwidth optimization are ¢, = 0.21 ns, f. = 6.63 GHz
and A = 0.032y/RT; V. The optimized waveform has 1.08
fractional bandwidth and 7.36 GHz occupied bandwidth. The
average power of waveform is -106.67 dBm. For the maximum
amplitude and average power optimizations, the parameters are
the same. The obtained results are t, = 0.23 ns, f. = 6.23
GHz and A = 0.96\/RT. V. The optimized waveform has
0.99 fractional bandwidth and 6.46 GHz occupied bandwidth.
The average power of waveform is -76.50 dBm. The PSD
compared with CEPT indoor mask are shown in Fig. 3.

For the outdoor mask, the parameter obtain from the maxi-
mum bandwidth optimization are t, = 0.21 ns, f. = 6.63 GHz

Fig. 4. PSD of optimized modulated rec I form d with
CEPT outdoor mask.

and A = 0.010y/RT; V. The optimized waveform has 1.08
fractional bandwidth and 7.36 GHz occupied bandwidth. The
average power of waveform is -116.67 dBm. For the maximum
amplitude and average power optimizations, the parameters are
the same. The obtained results are t, = 0.23 ns, f. = 6.23
GHz and A = 0.30\/RT; V. The optimized waveform has
0.99 fractional bandwidth and 6.46 GHz occupied bandwidth.
The average power of waveform is -86.50 dBm. The PSD
compared with CEPT outdoor mask are shown in Fig. 4.

C. Optimization of Modulated Gaussian Waveform

For the indoor mask, the parameters obtain from the max-
imum bandwidth optimization are d = 0.10 ns, f. = 6.85
GHz and A = 0.050\/RT; V. The maximum amplitude is
0.044\/RT; V. The optimized waveform has 0.9 fractional
bandwidth and 6.82 GHz occupied bandwidth. The average
power of waveform is -104.13.dBm. For the maximum ampli-
tude optimization the obtained results are d = 0.13 ns, f. =
7.97 GHz and A = 4.72/RT, V. The maximum amplitude
is 4.46\/RT, V. The optimized waveform has 0.66 fractional
bandwidth and 5.24 GHz occupied bandwidth. The average
power of waveform is -63.49 dBm. For the maximum average
power optimization, the obtained results are d = 0.13 ns, f. =
7.86 GHz and A = 4.72/RT, V. The maximum amplitude
is 4.46\/RT, V. The optimized waveform has 0.67 fractional
bandwidth and 5.24 GHz occupied bandwidth. The average
power of waveform is -63.47 dBm. The PSD compared with
CEPT indoor mask are shown in Fig. 5.

For the outdoor mask, the parameters obtain from the
maximum bandwidth optimization are d = (.10 ns, fc = 6.8
GHz and A = 0.014/RT, V. The maximum amplitude is
0.012y/RT, V. The optimized waveform has 0.99 fractional
bandwidth and 6.82 GHz occupied bandwidth. The average
power of waveform is -114.13 dBm. For the maximum ampli-
tude optimization the obtained results are d = 0.15 ns, fc =
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rectangular passband, modulated rectangular and modulated
Gaussian waveforms are considered. From the optimization
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results, the rectangular passband waveform obtained the maxi-
mum bandwidth, amplitude and average power. It can consider
to be the upper band or the best case of UWB waveform.
For the comparison between the modulated rectangular and
modulated Gaussion waveform, the modulated rectangular
waveform obtained the wider bandwidth for the indoor and
outdoor limits. The modulated Gaussion obtain the higher
amplitude for the indoor and outdoor limits.

REFERENCES

(1] K. Siwiak, “Ultra-Wide Band Radio: | ing a New Tech 2y,
2001 Spring IEEE Vehicular Technology Conference (VIC), vol. 2, pp.
1088-1093, May 2001.

2] Federal Co ications C “Revision of Part 15 of the
Commission's Rules Regarding UWB  Transmission Systems,” First
Report, FCC 02-48, Apr. 2002.

{3] ETSL “Harmonised Standards Covering Ultrawide Band (UWB) Ap-
plications.” Standisation Mandate: DG ENTR/AG/3M/329. Brusscls, Feb.

Fig. 5. PSD of optimized modulated Gaussi form 1 with CEPT 2003.

indoor mask. 4] B. Allen, S. A. Gt hi and M. Gh i, “A Review of Pulse
Design for Impulsc Radio.” 2004 IEE Seminar on Ultra Wideband
0 . T x C ications Technologies and System Design. pp. 93-97. Jul. 2004.
- CERY outdanmpgek (5] M. Ghavami. L. B. Miscacl. R. Khono. “Hermite Function Based
20 -+- Mg BRI gpmization Orthogonal Pulses for Ulira Widehand Commuincation,” The Fourth
== Maximum averge power I ional Symposium on Wireless Personal Multimidia Communi-

cations (WPMC). pp. 437-440, Sep. 2001.

PSD (dBm/MHz)

~160 | b, "

Frequency (GHz)

| Gaussi f d with CEPT

Fig. 6. PSD of optimized modul
outdoor mask.

7.37 GHz and A = 4.10/RT, V. The maximum amplitude
is 3.90/RT. V. The optimized waveform has 0.61 f_racli(mal
bandwidth and 4.54 GHz occupicd bandwidth. The average
power of waveform is -64.04 dBm. For the maximum average
power optimization, the obtained results arc d = (.15 ns, fe=
7.28 GHz and 4 = 4.10/RT, V. The maximum amplitude
is 3.90/RT, V. The optimized waveform has 0.62 fractional
bandwidth and 4.54 GHz occupied bandwidth. The average
power of waveform is -64.04 dBm. The PSD compared with
CEPT outdoor mask are shown in Fig. 6.

V. CONCLUSION

In this paper. the simple waveforms for UWB communi-
cations are presented to satisfy the ETSI slope masks. The

(6] L. B. Michacl, M. Ghavami and R. Kohno, “Multiple Pulse Generator
for Ultra-Wideband Communication Using Hermite Polynomial Based
Orthogonal Pulses.” 2002 IEEE Conference on Ultra Wideband Systems
and Techniques, pp. 47-51. May 2002.

{71 R. Dilmaghani, M. Ghavami, B. Allen, H. Aghvami, “Novel UWB Pulse
Shaping Using Prolate Spheroidal Wave Functions.™ IEEE Proteedings
on Personal, Indoor and Mobile Radio Communications (. PIMRC), vol.
1. pp. 602-606. Scpt. 2003,

[8] A. B. Parm, B. L. Cho and Z. Ding, “A New UWB Pulsc Generator for
FCC Speciral Masks,” The 57th IEEE Semiannual Vehicular Technology
Conference (VTC), vol. 3, pp. 1664-1666. Apr. 2003.

{91 A.B.Par, B. L. Cho, K. Wallacc and Z. Ding, “A Novel Ultra-Wideband
Pulsc Design Algorithm,” IEEE Communications Letters, vol. 7, no. 5,
pp. 219-221, May 2003.

[10] P. Supanak K. Wansiang, S. Pr g and J. Takada, “Simple
Wavefe for UWB C " The 2005 Electrical Engineer-
ing/Electronics. C Tel ications, and Information Tech-

nology International 'Cunlermrc (ECTI-CON 2005). pp. 626-629, May
2005.

5C-5

73



Simple Waveform Satisfying New ETSI Spectral Mask
for UWB Communications

Kritsana Wansiang', Pichaya Supanakoon', Sathaporn Promwong' and Jun-ichi Takada?
'Department of Information Engineering, Faculty of Engincering
King Mongkut’s Institute of Technology Ladkrabang, Bangkok 10520, Thailand.
E-mail: {s7061132 kspichay,kpsathap }@kmitl.ac.th
Graduate School of Science and Engineering, Tokyo Institute of Technology,
2-12-1-86-4, O-okayama, Meguro-ku, 152-8550, Tokyo, Japan.
E-mail: takada@ide.titech.ac.jp

ABSTRACT

In this paper, the simple waveforms for UWB com-
munications are presented to satisfy the New European
Telecommunications Standards Institute (ETSI) spectral
mask. The rectangular passband, modulated rectangular
and modulated Gaussian wavelorms are considered. They
are optimized to maximized bandwidth, amplitude and av-
crage power in the new ETSI spectral mask bandwidth
ranging from 6.0 to 9.0 Gilz. Only maximum average
power spectral density (PSD) limit is considered. The bi-
nary pulse amplitude modulation (PAM) with balance bi-
nary data independent identically distributed (i.i.d.) ran-
dom scquence is considered to casily derive the PSD of the
waveforms. The PSD and parameters of each optimized
waveforms are shown. The optimized results are discussed
in the conclusion.

1. INTRODUCTION

Ultra widcband (UWB) radio technology has become an
important topic for microwave communication because of
its potential low cost and low power consumption proper-
ties [1]. UWB is different from other radio frequency (RF)
technologies. Among UWB technologies is advantageous
with respect to the simple hardware. Instcad of using a nar-
row band carrier modulation, pulse trains are transmitted
with ultra wide frequency spectrum. The Federal Commu-
nications Commission (FCC) |2} in US specified that a [re-
quency spectrum range from 3.1 10 10.6 GHz are assigned
for the main band of UWB signal. The FCC defined the
UWB signal as those which have a fractional bandwidth

greater than 0.20 or occupied bandwidth greater than 500

MIlz. The fractional and occupicd bandwidth are defined
as -

. ; 2(fu - /1)
Fractional bandwidth —— ()
Tt S
Oceupied bandwidth Ju-—Ji. (2)

where fiand fi; are the lower and upper frequencies at the
=10 dB point, respectively.

There are several radiation limits of the UW B signal for
the indoor and outdoor applications such as FCC spectral
masks and uropean Conference of Postal and ‘Telecom-
munications (CEPT) spectral masks [ 3] proposed by Furo-
pean Telecommunications Standards Institute (151S1). The

power spectral density (PSD) of the UWB signal is cop-
sidered to be a noise for other communication systems be.
cause its PSD is even below the noise emission level of
personal computers (PCs). The UWB receiver collects the
power of the received signal to rebuild the pulse. There.
fore, UWB radio technology can coexist with other RF
technologies without interference.

Numcrous UWB waveforms have been proposed [4].
Although, the waveform designs are reviewed, the UWB
definition and spectral masks were not considered. There
are many techniques for designing the UWB waveform
such as by using the Hermite function {5]-[6] and prolate
spheroidal wave function [7]. The numerical technique is
also used to design the UWB waveform [8]-[9]. Although
these waveforms have very high spectral efficiency in the
designed frequency range, the algorithms of these tech-
niques are complicated. The simple waveforms for JWB
comunciations are proposed to satisfy the FCC spectral
masks [10]. After that, they are proposed to satisfy the
CEPT slope masks [11]. But recently, the ETSI has been
developed the new PSD radiation limits for UWB commu-
nication [ 12]. { /

In this paper, the simple waveforms for UWB commu-
nications are presented to satisfy the new ETSI spectral
mask for the UWB communications. The new PSD radia-
tion limits proposed by ETSI and new ETSI slope masks

are shown in Table 1 and Fig | respectively. The rec-

tangular passband, modulated rectangular and modulated
Gaussian waveforms are considered. They are optimized
1o maximized bandwidth, amplitude and average power in
the new ETSI spectral mask bandwidth ranging from 6.0
t0 9.0 GHz. Only maximum average power spectral den-
sity (PSD) limit is considered. The binary pulse ampli-
tude modulation (PAM) with balance binary data indepen-

Table 1: New PSD radiation limits proposed by ETSL
Maximum average PSD (dBm/MHz)

IFrequency (Glz)

<1.6 -90
1.6-2.7 ‘x5
12760 -70
o.0-9.0 -41.3
9.0-10.6 “L68
S10.6 -85
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Fig.1: New T S1spectral masks for UWB communications.

dent identically distributed (i.i:d.) random scquence is con-
sidered to casily derive the PSD of the wavelorms |13
The PSD and parameters of cach optimized wavelorm are
shown. The optimized results are discussed in the conclu-
sion.

This paper is organized as follows. Scction 2, the UWB
waveforms are prlaulcd Next, the optimization results
are illustrated in Scc. 3. Finally, conclusions are discussed
in Sec. 4.

© 2. WAVEFORM MODEL
The rectangular passband, modulated rectangular and

modulated Gaussian waveforms are considered.  These
waveforms ar¢ assumed to be a voltage signals. For ob-

" taining the continuous component of PSD, the binary PAM
with balance binary data i.i.d. random scquence is consid-
ered. Then, the PSD of the transmitted waveform can be
simplified to [13] -

: 1 ; -
SUD = IFUR, 3)
where T, is the time interval of one wavelorm and /(f) is
the spectral density function of the waveform. The spectral

density function can be calculated by using Fourier trans-
form,

» .
/ Ft)e 20y, 4)
2 .
where f(¢) is the waveform in time domain.

L1 Rectangular Passhand Waveform

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

J( —Lsinei2ft s~ fisine2fi 0] (3)
b
i
s a7 W= f]<h :
Iz 27, 2
o { O “

where A is the maximum amplitude, fy is the occupies
bandwidth, f. is the center frequency, f, = f. — fi,/2 and
fu = fe + fb/2 are the minimum and maximum frequen-
cies, respectively.

This waveform has the A/(2f,) constant magnitude of
spectral density in the — fy to — f, and fi, to fH frequency
ranges. The area oflls spectral density is f F(f)df =

A then this waveform has maximum amplnudc isAatt =
0. This is the ideal case of the UWB waveform then it uxd
to considered the upper limit of the maximum bandwidth,
amplitude and power for the UWB waveform.
2.2 Modulated Rectangular Waveform .

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

Asin(2wfot) |1] <&
I { ) '((,Tj ) H;Q“ (7

- ﬂ sinelh,(f — fo)] :
1'(f) P { =sinelt,(f 1 f)] }: ik

where A is the maximum amplitude, fe is the carrier Ire-
quency and £y, is the pulse width of the waveform.

This waveform is modulated between the A constant
amplitude and ¢y, width rectangular pulse and f. carricr fre-
quency sine function. The sine function is used for reduc-
ing the direet current (DC) component of the modulated
wavceform to zero.

2.3 Modulated Gaussian Waveform

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

)~ Ae=Nsin2a fo1), (9)
: Ad e~ L)
E(f),.~ ]2\/_ [ g 22004002 | ¢ (10)

where A is the maximum amplitude of the envelope wave-
form, fe is the carrier frequency and d is the 1/c character-
istic decay time.

This wavelorm is modulated between the A maximum
amplitude and d 1/c¢ characteristic decay time Gaussian
pulse and [, carrier frequency sine function. The sine fune-
tionisused lor reducing the direct current (DC) component
of the modulated waveform to zero same the modulated
rectangular waveform.

2.4 RADIATION POWER

For considering the radiation power, the transmitter (1x)
antenna is assumed 1o be the isotropic antenna. The inter-
nal circuit and Tx antenna impedances arc assumed to be
the same real value /. That is the |dc.1l)vuh maximum ra-
diated PSD. In this paper, the path loss and measurement
svstem dre not considered. The radiated PSD (Sy) of this
ideal case can be written as

.\'n('f) (1
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3. OPTIMIZATION

The waveforms models is optimized for UWB cominu-
nication. ‘The UWB definition by FCC and new ETSIspee-
tral mask are considered. The condition of fi, and fy are
set 10 6.0 GHz < fi. < fu < 9.0 GHz. liach wave-
form must has fractional bandwidth greater than 0.20 or
occupicd bandwidth greater than S00 Milz. The PSD of
cach wavelorm is satistied the new 1STSI spectral masks.
The three assumptions for good UWB signal waveform are
consider. First is high bandwidth for reducing the effect
of multipath fading [ 14]. Next is larger amplitude for in-
creasing the efficiency of peak detection receiver. Final
is higher average power for increasing the signal to noise
ratio (SNR). Then, cach waveform is optimized to maxi-
mized bandwidth, amplitude and average power in the fre-
quency range from 6.0 to 9.0 GHz. For the optimizations,
the solution of frequency is 0.01 GHz, the time is 0.01 ns
and the amplitude is 0.01 V.

3.1 Optimization of Rectangular Passband Waveform

For the rectangular passhand wavelorm, the parameters
obtained from the maximum bandwidth, amplitude and av-
crage power optimization are the same. The results are.
T 3.00 Gllz. f, 7.50 Gllz fi, G.00 Gz,
fu - 9.00GHzand A 3.26/FT] V. The optimized
wavelorm has 0.40 fractional bandwidth and 3.0 Glz oc-
cupicd bandwidth. The average power of this wavetorm is
-63.53 dBm. lts PSD compared with new TSI spectral
masks arc shown in Fig 2

3.2 Optimization of Modulated Rectangular Waveform

For the modulated rectangular wavelform, the parame-
ter obtained from the maximum bandwidth optimization
arc i, OIS s, f 706 Gllzand .\ 006 TT.
V. The optimized wavetorm has 0.40 Iractional bandwidth
and 2,99 Gillz oceupics bandwidth. The average power of
wavelorm is -96.94 dBm. For the maximum amplitude op-

_METSIWdM!oﬁWNMN‘
=30 - i bandwidth op } |

Lo, .

------ i averge power optimizations
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Fig.3: PSD of optimized moduluted rec ‘tungular waveform
compared with ETSI spectral masks.

timization, the obtained results are ¢y, 0.77ns, fo = 6.96
Glizand A - 0.09/RT, V. The optimized waveform hag
(.28 fractional bandwidth and 1.95 Gliz occupied band-
width, The average power of wavelorm is -91.82 dBm. For
the maximum average power optimization, the obtained re-
sultsarcty, - 0.97ns, f. ~ 6.81 Gllzand A = 0.09y/RT;
V. The optimized waveform has 0.22 fractional bandwidth
and 1.48 Gilz occupied bandwidth. The average power of
wavelorm is -90.66 dBm. The PSD compared with new
JETSI speetral masks are shown in Fig 3

3.3 Optimization of Modulated Gaussian Waveform

For the modulated Gaussian waveform, the parameters
obtained from the maximum bandwidth optimization are
d 023 ns, fo - 750 GHzand A= 0.32y/RT; V. The
maximum amplitude is 0.31/RTL V. The optirr’limed wave-
form has 0.39 fractional bandwidth and 2.96 GHz occu-
picd bandwidth. The average power of waveform is -84.53
dBm. For the maximum amplitude and average power op-
timizations, the parameters are the same. The obtained re-
alsarcd 0.37ns, fo  758Glizand A - 1.66VRT,
V. The maximum amplitude is 1.64/FT% V. The optimized
waveform has 0.24 fractional bandwidth and 1.84 GHz oc-
cupied bandwidth. The average power of waveform is -
67.96 dBm, The PSD compared with new ETSI spectral
masks are shown in Fig 4

4. CONCLUSION

In this paper, the simple waveforms for UWIB commu-
nications are presented to satisfy the New TSI spectral
mask. The rectangular passband, modulated rectangular
and modulated Gaussian waveforms are considered. From®
the optimization results, the rectangular passhand wave-
formy has the maximum bandwidth, amplitude and average
power. It can consider to be the upper Band or the best case
of UWB wavelorm. For the comparison between the mod-
ulated rectangular and modulated Gaussian w avelorms, Uk
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