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ABSTRACT

In this thesis, the power spectral density (PSD) of modulated ultra wideband (UWB)
signal is studied. The pulse shape modulation (PSM), pulse amplitude modulation (PAM) and
pulse position modulation (PPM) are considered. The orthogonal pair of modulated Gaussian
waveforms is used for PSM scheme and the modulated Gaussian waveform is used for PAM and
PSM schemes. These waveforms are satisfied the UWB signal definition and Federal
Communications Commission (FCC) indoor and outdoor limit spectral masks. Although these
waveforms are designed to satisfy the FCC spectral mask, the discrete component of PSD is
occurred and its level is higher than the FCC spectral mask. Therefore, the time hopping
technique is used to reduce this discrete component level. The PSD of the modulated UWB signal
is studied and shown. These results are useful to limit the amplitude of the UWB waveforms for

satisfying the FCC spectral mask.
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ABSTRACT

In this paper, the simple orthogonal waveforms for ultra
wideband (UWB) communications are presented to satisfy
the UWB signal definition and Federal Communications
Commission (FCC) indoor and outdoor spectral masks. The
orthogonal pairs of modulated rectangular and modulated
Gaussian waveforms are considered. The binary pulse-
amplitude modulation (BPAM) with balance binary data in-
dependent identically distributed (i.i.d.) random sequence is
considered to easily derive the power spectral density (PSD)
of these waveforms. The PSD and parameters of optimized
waveforms are shown. These waveforms can be used for
pulse shape modulation (PSM) scheme in UWB communi-
cations.

Keywords: Ultra wideband (UWB) communications, pulse
shape modulations (PSM), orthogonal waveform, spectral
mask.

1. INTRODUCTION

An ultra wideband (UWB) refers to a technology which
make the use of signal waveforms occupied a very large
bandwidth. The Federal Communication Commission
(FCC) in US defines the UWB signal as any signal where
the fractional bandwidth is equal to or greater than 0.20
or the occupied bandwidth is equal to or greater than 0.50
GHz. The fractional and occupied bandwidth are defined as

(1]

. . 2(fu — fu)
Fractional bandwidth = ————==, 1
actional bandwi T (1
Occupied bandwidth = fuy — fi, (2)

where fi, and fy are the lowest and highest frequencies at
the -10 dB point, respectively.

The main concern about UWB communications is that
they occupy a portion of spectrum where other narrowband
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communications already operate, so a regulation is neces-
sary in order to avoid co-existence interference problems.
Therefore, the FCC regulates the indoor and outdoor spec-
tral masks to limit the maximum emission of unlicensed
UWB signals for guaranteeing the protection to the already
existent and planed radio services. The UWB communica-
tions specified the FCC indoor and outdoor spectral masks
are undetectable by other communication systems and hav-
ing power spectal density (PSD) below the past 15 noise
limit. Furthermore, UWB radio technology is an ideal can-
didate that can be utilized for commercial, short-range, low
power, low cost indoor communication systems such as
wireless personal area networks (WPANSs) [2].

Numerous UWB waveforms have been proposed [3].
The waveform designs are reviewed, but no considered
about the UWB signal definition and spectral masks spec-
ified by FCC. The signal processing and numerical tech-
niques are used to design UWB waveform [4]-[8]. Although
the waveform has very high effective spectral in the de-
signed frequency range, these algorithms are complicated.
Therefore, the simple waveforms for UWB communications
are proposed [9]. These waveforms have closed form ex-
pressions in both time and frequency domain, but there is
no consideration about orthogonal waveform that used for
pulse shape modulation (PSM) scheme [10].

In this paper, the simple orthogonal waveforms for UWB
communications are presented to satisfy the UWB signal
definition and FCC indoor and outdoor spectral masks. The
orthogonal pairs of modulated rectangular and modulated
Gaussian waveforms are considered. They are optimized to
maximized bandwidth, amplitude and average power in the
frequency rage from 3.1 to 10.6 GHz. The BPAM with bal-
ance binary data independent identically distributed (i.i.d.)
random sequence is considered to easily derive the PSD of
these waveforms [11]. The PSD and parameters of the opti-
mized waveforms are shown. These waveforms can be used
for PSM scheme in UWB communications.

The rest of this paper is organized as follows. Section
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2, the waveform models are briefly described. Next, the
optimization results are demonstrated in Sec. 3. Finally, the
conclusions are discussed in Sec. 4.

2. WAVEFORM MODELS

The orthogonal pairs of modulated rectangular and mod-
ulated Gaussian waveforms are considered. These wave-
forms are assumed to be a voltage signals. For obtaining
the continuous component of PSD, the BPAM with balance
binary data i.i.d. random sequence is considered. Then, the
PSD of the transmitted waveform can be simplified to [11]

S(f) = =IF(H)I, 3)

1
T

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

o
= [ rwera @)
—00
where f(¢) is the waveform in time domain.

2.1. Modulated Rectangular Waveform

The orthogonal pair of modulated rectangular waveforms
in time domain, f; and fo, and its spectral density function,
Fy and F3, are given by

il = {Alsm(w" Iﬁf% &l
a = { Aol isd.
B = 25 {i'fﬁf[?bff Ao
B = A’Tt{ @

where sinc(z) = sin(wz)/(mz), fe is the carrier frequency,
ty is the pulse width of the waveform, A, and A, are the
maximum amplitude of waveform envelopes f; and f3, re-
spectively.

2.2. Modulated Gaussian Waveform

The orthogonal pair of modulated Gaussian waveforms
in time domain, f; and f5, and its spectral density function,
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F\ and F3, are given by

ht) = A sin@rfet), ©)

falt) = AP cos(2mfit), (10)

. AudyE | e PU=LY

f-l(f) = J2 [ ewrr?d’[fﬁ'f )? :| s (]l)
Asdym | e ™ U1

B(f) = 22 [+ 334 f)? } (12)

where f. is the carrier frequency, d is the 1/e characteris-
tic decay time, A; and A, are the maximum amplitude of
waveform envelopes f; and fa, respectively.

2.3. RADIATION POWER

For considering the radiation power, the transmitter (Tx)
antenna is assumed to be the isotropic antenna. The internal
circuit and Tx antenna impedances are assumed to be the
same real value R. That is the ideal case with maximum
radiated PSD. In this paper, the path loss and measurement
system are not considered. Therefore the radiated PSD Sg
of this ideal case can be written as

Sr(f) = zS(f). (13)

3. OPTIMIZATION RESULTS

The orthogonal pair of waveform models are optimized
for UWB communication. The UWB signal definition by
FCC and FCC indoor and outdoor spectral masks are con-
sidered. The condition of f, and fy are set to 3.1 GHz <
fu < fu < 10.6 GHz. Each waveform must has fractional
bandwidth equal to or greater than 0.20 or occupied band-
width equal to or greater than 500 MHz. The PSD of each
waveform is satisfied the FCC spectral masks. The three
assumptions for good UWB signal waveform are consider.
First is wide bandwidth for reducing the effect of multipath
fading [12]. Next is high amplitude for increasing the ef-
ficiency of peak detection receiver. Final is large average
power for increasing the signal to noise ratio (SNR). Then,
each waveform is optimized to maximized bandwidth, am-
plitude and average power in the frequency range from 3.1
to 10.6 GHz for FCC indoor and outdoor spectral masks.
These optimized conditions are considered from the geo-
metric average between the orthogonal pair. For the opti-
mizations, the solutions of frequency is 0.01 GHz, time is
0.01 ns and amplitude is 0.01 V.

3.1. Optimization of Modulated Rectangular Waveform

The orthogonal pairs of modulated rectangular wave-
forms are satisfied the UWB signal definition and spectral
masks. For the indoor limit, the parameters obtained from
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Fig.1: PSD of optimized modulated rectangular waveforms
compared with FCC indoor spectral mask.

the maximum bandwidth optimization are ¢, = 0.21 ns,
fo = 6.61 GHz, A; = 1.12\/RT, V and A; = 0.30y/RT;
V. The parameters obtain from the maximum amplitude
optimization are ¢, = 0.31 ns, fo = 7.99 GHz, 4, =
3.52/RT, V and A; = 0.45y/RT, V. The parameters ob-
tain from the maximum average power optimization are
ty = 0.41 ns, fo = 8.59 GHz, A; = 2.63/RT; V and
A, = 0.60+/RT; V. The PSD of optimized waveforms com-
pared with FCC indoor spectral mask are shown in Fig. 1.

For maximum bandwidth optimization, the waveforms
f1 and f, have 1.09 and 1.03 fractional bandwidths, 7.39
and 6.59 GHz occupied bandwidths. The average powers
are -75.72 and -86.18 dBm, respectively. For maximum
amplitude optimization, the waveforms f1 and f; have 0.58
and 0.60 fractional bandwidths, 4.73 and 4.72 GHz occu-
pied bandwidths. The average powers are -63.67 and -81.10
dBm, respectively. For maximum average power optimiza-
tion, the waveforms f) and f have 0.41 and 0.42 fractional
bandwidths, 3.54 and 3.62 GHz occupied bandwidths. The
average powers are -64.52 and -77.57 dBm, respectively.

For the outdoor limit, the parameters obtain from the
maximum bandwidth optimization are t, = 0.21 ns, f. =
6.61 GHz, A; = 1.12\/RT, V and A; = 0.30\/RT, V. The
parameters obtain from the maximum amplitude optimiza-
tion are t, = 0.40 ns, fo = 6.32 GHz, A; = 153V RT;
V and A; = 0.48+/RT, V. The parameters obtain from the
maximum average power optimization are t, = 2.45 ns,
fe = 9.49 GHz, A, = 0.44\/RT, V and Az = 0.43V/ RT;
V. The PSD of optimized waveforms compared with FCC
outdoor spectral mask are shown in Fig. 2.

For maximum bandwidth optimization, the waveforms
f1 and f, have 1.09 and 1.03 fractional bandwidths, 7.39
and 6.59 GHz occupied bandwidths. The average powers
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Fig.2: PSD of optimized modulated rectangular waveforms
compared with FCC outdoor spectral mask.

are -75.72 and -86.18 dBm, respectively. For maximum
amplitude optimization, the waveforms f; and f; have 0.56
and 0.60 fractional bandwidths, 3.60 and 3.73 GHz occu-
pied bandwidths. The average powers are -69.54 and -79.62
dBm, respectively. For maximum average power optimiza-
tion, the waveforms f; and f, have 0.06 and 0.06 fractional
bandwidths, 0.60 and 0.58 GHz occupied bandwidths. The
average powers are -72.33 and -72.37 dBm, respectively.

3.2. Optimization of Modulated Gaussian Waveform

The orthogonal pairs of modulated Gauaaisn waveforms
are satisfied the UWB definition and spectral masks. For
the indoor limit, the parameters obtain from the maximum
bandwidth optimization are d = 0.10 ns, f. = 6.51 GHz,
A; = 1.33/RT, V and A = 1.29/RT; V. For the maxi-
mum amplitude and average power optimizations, the para-
meters are the same. The obtained results are d = 0.11 ns,
f. = 7.34 GHz, A, = 5.58/RT, V and A; = 5.58V RT;
V. The PSD of optimized waveforms compared with FCC
indoor spectral mask are shown in Fig. 3.

For maximum bandwidth optimization, the waveforms
f1 and fo have 1.05 and 1.05 fractional bandwidths, 6.82
and 6.82 GHz occupied bandwidths. The average powers
are -75.65 and -75.93 dBm, respectively. For maximum am-
plitude and average power optimizations, the waveforms N
and f, have 0.84 and 0.84 fractional bandwidths, 6.20 and
6.20 GHz occupied bandwidths. The average powers are
-62.75 and -62.75 dBm, respectively.

For the outdoor limit, the parameters obtain from the
maximum bandwidth optimization are d = 0.10 ns, f. =
6.51 GHz, A, = 1.33\/RT, V and A, = 1.29v/RT, V.
For the maximum amplitude and average power optimiza-
tions, the parameters are the same. The obtained results
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Fig.3: PSD of optimized modulated Gaussian waveforms
compared with FCC indoor spectral mask.

ared = 0.13 ns, f. = 6.85 GHz, A; = 4.72\/RT; V and
Ay = 4.724/R1T, V. The PSD of optimized waveforms com-
pared with FCC outdoor spectral mask are shown in Fig. 4.

For maximum bandwidth optimization, the waveforms
f1 and f; have 1.05 and 1.05 fractional bandwidths, 6.82
and 6.82 GHz occupied bandwidths. The average powers
are -75.65 and -75.93 dBm, respectively. For maximum am-
plitude and average power optimizations, the waveforms f;
and f2 have 0.77 and 0.77 fractional bandwidths, 5.24 and
5.24 GHz occupied bandwidths. The average powers are
-63.25 and -63.25 dBm, respectively.

4. CONCLUSION

In this paper, the simple orthogonal waveforms for UWB
communications are presented to satisfy the UWB signal
definition and FCC indoor and outdoor spectral masks. The
orthogonal pairs of modulated rectangular and modulated
Gaussian waveforms are considered.From the optimization
results, the bandwidth of modulated rectangular waveform
orthogonal pair is slightly more than that of modulated
Gaussian waveform orthogonal pair, while the amplitude
and average power of modulated Gaussian waveform or-
thogonal pair is much more than that of modulated rectan-
gular waveform orthogonal pair for both FCC indoor and
outdoor spectral masks. Then, the orthogonal pair of modu-
lated Gaussian waveform is better to used for PSM scheme
in UWB communications and satisfy the FCC indoor and
outdoor spectral masks.
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Abstract— According to satisfy the Federal Communications
Commission (FCC) indoor and outdoor limit spectral masks, a
good understanding of power spectral density (PSD) of ultra
wideband (UWB) signal and how it is influenced by modulation
without and with time hoping (TH) is necessary. In this paper, the
PSD of UWB signal using pulse shape modulation (PSM) without
and with TH is analyzed. The orthogonal pair of modulated
Gaussian waveforms, which satisfied the UWB signal definition
and FCC indoor and outdoor limit spectral masks, are considered.
The PSD of UWB signal is analyzed and shown. The results are
discussed in the conclusion.

I. INTRODUCTION

Almost all communication systems employ the sinusoidal
signal as a transmitted waveform. Its information is mapped
via the modulation. The result is that the power spectral
density (PSD) of this signal is well concentrated in specific
frequency band. It easily suppresses noise and interference by
using bandpass filter. Unfortunately, the narrowband system is
sensitive to fading. Furthermore, frequency spectrum is divided
into many narrow frequency bands causing deficient spectrum
for new communication system.

An ultra wideband (UWB) refers to a technology, which
makes the use of a signal waveform occupied a very large
bandwidth. The Federal Communications Commission (FCC)
in US defines the UWB signal, which is any signal where the
fractional bandwidth is equal to or greater than 0.20, or the
occupied bandwidth is equal to or greater than 0.50 GHz. The
fractional and occupied bandwidth are defined as [1]

2(fu — fL)
fut+fu’ W
fu— fu, (2)

where fi, and fy are the lowest and highest frequencies at the
-10 dB point, respectively.

The main concern about UWB communications is that they
occupy a portion of spectrum where other narrowband com-
munications already operate, so a regulation is necessary in
order to avoid co-existence interference problems. Therefore,
the FCC regulates the indoor and outdoor spectral masks
to limit the maximum emission of unlicensed UWB signals

Fractional bandwidth
Occupied bandwidth

for guaranteeing the protection to the already existent and
planed radio services. The UWB communications specified
FCC indoor and outdoor spectral masks are undetectable by
other communication systems and having the PSD below past
15 noise limit. Furthermore, the UWB radio technology is
an ideal candidate that can be utilized for commercial, short-
range, low power, low cost, indoor and outdoor communication
systems such as wireless personal area networks (WPANS) [2]-
[5].

Numerous UWB waveforms have been proposed [6]. The
waveform designs are reviewed, but no considered about the
UWRB signal definition and spectral masks specified by FCC.
The signal processing and numerical techniques are used to
design the UWB waveform (7]-[14]. Although the waveform
has very high effective spectral in designed frequency range,
these algorithms are complex. Therefore, the simple waveforms
for UWB communications are proposed [15). After that, the
orthogonal pairs of simple UWB waveforms are developed for
pulse shape modulation (PSM) scheme [16]. Although, these
waveforms have the closed form expressions in both time and
frequency domains, they are considered only the PSD of one
UWB waveform. There is no consideration about the PSD of
pulse train of UWB signal using modulation scheme.

In this paper, the PSD of UWB signal using modulation
scheme is analyzed. The modulation scheme is focused on the
PSM without and with time hoping (TH) [17]. The orthogonal
pair of modulated Gaussian waveforms, which satisfied the
UWB signal definition and FCC indoor and outdoor limit
spectral masks [16], are considered. The PSD of UWB signal
consists of the continuous and discrete components. The dis-
crete component presents greater interference to narrowband
communication system than the continuous component. The
PSD of UWB signal using PSM without and with TH is
analyzed and shown. The capability of PSM with TH that sup-
pressed the discrete component is discussed in the conclusion.

This paper is organized as follows. Section 2, the PSD
of UWB signal using PSM is briefly described. Next, the
PSD analysis results are demonstrated in Sec. 3. Finally, the
conclusions are drawn in Sec. 4.
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II. PSD oF UWB SIGNAL USING PSM

In this section, we will first introduce the UWB waveform
model. After that, we will investigate the PSD of UWB signal
using PSM without and with TH.

1) UWB Waveform Model: The UWB waveforms that used
for PSM scheme are the orthogonal pair of modulated Gaussian
waveforms. The orthogonal pair of modulated Gaussian wave-
forms in time domain, f; and fz, and their spectral density
functions, F, and Fs, are given by [16]

folt) = Aoe™ P sin(2nfet), 3)
filty = Ale’“”'”?cos&?rfct). (4)
Apdym [ e dU—L)

Fo(f) = T[_e_ﬂmzuﬂc)z ) Q)
Aydym - A (f=fe)?

F]{f) ™~ 2 [+e"2d2(f+fc)2 1 (6)

where f. is the carrier frequency, d is the 1/e characteristic
decay time, Ag and A; are the maximum amplitudes of
waveform envelopes fo and fj, respectively.

2) PSD of UWB Signal Using PSM without TH: The PSM
without TH uses the orthogonal pair of waveforms to represent
the bits ‘0" and ‘1’. The UWB signal using PSM without TH
can be presented as

dn) fo(t — 0T3) + dn fi(t = nT3)], (7

where d, is the digital data in sequence of n, T is the time
interval of bit data, fo and f; are the waveforms representing
bits ‘0" and ‘1’, respectively.

The probability distribution function (PDF) of dy is

P{dy} = { Sl (8)

where p is the probability of d,, is the bit ‘1",

For considering radiated PSD, the transmitter (Tx) antenna
is assumed to be the isotropic antenna. The internal circuit and
Tx antenna impedances are assumed to be the same real value
R. That is the ideal with maximum radiated PSD. In this paper,
the path loss and measurement system are not considered.
Therefore, the radiated PSD of UWB signal using PSM without
TH can be derived as

Sr(f)

2
(1 —dn)Ft (f) —j2nm [T,
YauFL () }e sl O

lim
N—ow 4RNT;

n=-—

NJ2
Y |
N/2

60

3) PSD of UWB Signal Using PSM with TH: The PSM with
TH is used to suppress the discrete component of PSD. The
UWB signal using PSM with TH can be presented as

(l - dn)f(l“ = HTL = Tn] }
where T}, is the TH.

+dnfl(t = HT.; = Tn)
The PDF of T, is the uniform distribution in the range of
—T,/2 to T,/2, which can be written as

s(t) Z { (10)

L _Tep «h
=] % 2 =4S 3
PAT) { 0 elsewhere th

The radiated PSD of UWB signal using PSM with TH is
considered in the same way of that without TH, which can be
derived as

Sr(f) =

N/2

lim Z
—N/

N= 4RNT, | &

(1 - d)Fo(f)
) +an1(f)}e—ﬂﬂf{nT..H:,)

(12)

II11. PSD ANALYSIS RESULTS

The orthogonal pair of modulated Gaussian waveforms is
used as the UWB signal for representing bits ‘0’ and ‘I’
The waveform parameters, which obtained from the maximum
amplitude and average power optimizations [16], are considered
for both FCC indoor and outdoor limit spectral masks. The
parameters R and N are set to be 50 € and 1,000 bits,
respectively. The bit rate is assumed to be 110 Mbps, therefore
T, is equal to 9.09 ns. For FCC indoor limit spectral mask,
the waveform parameters are Ag = Ay = 3.76 V,d = 0.11
ns and f. = 7.34 GHz. The time domain waveforms and their
PSD compared with FCC indoor limit spectral mask are shown
in Fig. 1. For FCC outdoor limit spectral mask, the waveform
parameters are Ag = A; =3.18 V, d = 0.13 ns and f. = 6.85
GHz. Figure 2 shows the time domain waveforms and their PSD
compared with FCC outdoor limit spectral mask. The PSD of
each waveform is the same with another for both cases.

For analyzing PSD of UWB signal using PSM without and
with TH, two cases of p are considered for FCC indoor and
outdoor limit spectral masks. For the first case, the parameter
p is set to be 0.0 or 1.0, which all bits are ‘0" or ‘1". Another
case, the parameter p is set to be 0.5, which the bits ‘0’ and
‘1" are equal.

Figures 3 and 4 show the PSD of UWB signal using
PSM without TH compared with FCC indoor and outdoor
limit spectral masks, respectively. The continuous and discrete
component characteristics of PSD for FCC indoor and outdoor
limit spectral masks are the same. The PSD of p = 0.0or 1.0is
more than the FCC indoor and outdoor limit spectral masks up
to 29.99 dB, while that of p = 0.5 is more than the FCC indoor
and outdoor limit spectral masks up to 26.98 dB. That because
the discrete component of p = 0.5 is less than that of p=0.0
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Fig. 2. Time domain waveforms and their PSD compared with FCC outdoor
limit spectral mask.

or 1.0. Therefore, the PSD of p = 0.5 is decreased from that
of p = 0.0 or 1.0 about 3 dB. Although this orthogonal pair
of modulated Gaussian waveforms is well designed to satisfy
the FCC indoor and outdoor limit spectral masks, their PSD
using PSM without TH exceeds the FCC indoor and outdoor
limit spectral masks very much. Then, the technique that uses
to suppress the discrete component of PSD is necessary.

In this paper, the PSD of UWB signal using PSM with TH
is considered to suppress the discrete component. The PSD of
UWB signal using PSM with TH compared with FCC indoor
and outdoor limit spectral masks are shown in Figs. 5 and 6,
respectively. The continuous and discrete component character-
istics of PSD for FCC indoor and outdoor limit spectral masks
are little difference. For FCC indoor limit spectral mask, the

Tt T T ———r 1
seen SR(f). p=0.0, 1.0
| = FCC indoor limit spectral mask [

PSD (dBm/MHz)

Frequency (GHz)

e |

Sg(f, p=0.5
= FCC indoor limit spectral mask

PSD (dBm/MHz)

10
Frequency (GHz)

Fig. 3. PSD of UWB signal using PSM without TH compared with FCC indoor
limit spectral mask.

------ SR(F). p=0.0, 1.0
| == FCC outdoor limit spectral mask |=

PSD (dBm/MHz)

Sg(f), p=0.5
= FCC outdoor limit spectral mask

PSD (dBm/MHz)

Frequency (GHz)

Fig. 4. PSD of UWB signal using PSM without TH compared with FCC outdoor
limit spectral mask.

PSD of p = 0.0 or 1.0 is more than the FCC indoor limit
spectral mask up to 8.07 dB, while that of p = 0.5 is more
than the FCC indoor limit spectral mask up to 7.73 dB. For
FCC outdoor limit spectral mask, the PSD of p = 0.0 or 1.0 is
more than the FCC indoor limit spectral mask up to 8.37 dB,
while that of p = 0.5 is more than the FCC indoor limit spectral
mask up to 8.32 dB. The PSD of p = 0.5 is decreased from
that of p = 0.0 or 1.0 about 0.34 and 0.05 dB for FCC indoor
and outdoor limit spectral masks, respectively. The discrete
component of UWB signal using PSM with TH is less than
that of without TH about 22 dB for p = 0.0 or 1.0, and 19
dB for p = 0.5. Although the PSD of UWB signal using PSM
with TH is extremely reduced compared with that of without
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Fig. 5. PSD of UWB signal using PSM with TH compared with FCC indoor
limit spectral mask.

TH, their PSD still exceeds the FCC indoor and outdoor limit
spectral masks. Therefore, the peak power of UWB signal must
decreases to satisfy the FCC indoor and outdoor limit spectral
masks.

IV. CONCLUSION

In this paper, the PSD of UWB signal using PSM without and
with TH is analyzed. The orthogonal pair of modulated Gaus-
sian waveforms, which satisfied the UWB signal definition and
FCC indoor and outdoor limit spectral masks, are considered.
From the results, we can see that the PSD characteristics of
UWB signal for FCC indoor and outdoor limit spectral masks
are almost the same. The PSM with TH can be suppressed
the discrete component of the PSD about 20 dB. But this is
not sufficient. The peak power of UWB signal must decreases
about 9 dB to satisfy the FCC indoor and outdoor limit spectral
masks.
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Abstract

According to satisfy the Federal Communications Commission (FCC) indoor and outdoor limit
spectral masks, a good understanding of power spectral density (PSD) of ultra wideband (UWB)
signal and how it is influenced by modulation without and with time hoping (TH) is necessary. In this
paper, the PSD of UWB signal using pulse shape modulation (PSM) without and with TH is analyzed.
The orthogonal pair of modulated Gaussian waveforms, which satisfied the UWB signal definition and
FCC indoor and outdoor limit spectral masks, are considered and demonstrated. The PSD of UWB
signal using PSM without and with TH is analyzed and shown. The capability of PSM with TH that
suppressed the discrete component is discussed in the conclusion.

Keyword: ultra wideband (UWB), pulse shape modulation (PSM), orthogonal waveform and

spectral mask.

1. Introduction

Almost all communication systems
employ a sinusoid as waveform, which
information is mapped via the modulation. The
result is that the power spectral density (PSD) of
signal is well concentrated in specific frequency
band, which easily suppresses the noise and
interference by using bandpass filter.
Unfortunately, the narrowband system is
sensitive to fading. Furthermore, frequency
spectrum is divided into many narrow frequency
bands causing deficient spectrum for new
communication system.

An ultra wideband (UWB) refers to a
technology, which make the use of signal
waveforms occupied a very large bandwidth.
The Federal Communications Commission
(FCC) in US defines the UWB signal, which is
any signal where the fractional bandwidth is
equal to or greater than 0.20 or the occupied
bandwidth is equal to or greater than 0.50 GHz.
The fractional and occupied bandwidth are
defined as [1]

Fractional bandwidth = M, (1)
kR o
Occupied bandwidth = f,, - f,, (2)

where f, and f, are the lowest and highest

frequencies at the -10 dB points, respectively.
The main concern about UWB
communications is that they occupy a
portion of spectrum where other narrowband
communications already operate, so a regulation
is necessary in order to avoid co-existence
interference problems. Therefore, the FCC
regulates the indoor and outdoor spectral masks
to limit the maximum emission of unlicensed
UWB signals for guaranteeing the protection to
the already existent and planed radio services.
The UWB communications specified FCC
indoor and outdoor spectral masks are
undetectable by other communication systems
and having the PSD below past 15 noise limit.
Furthermore, the UWB radio technology is an
ideal candidate that can be utilized for
commercial, short range, low power, low cost,



indoor and outdoor communication systems
such as wireless personal area networks
(WPANSs) [2] - [5).

Numerous UWB waveforms have been
proposed [6]. The waveform designs are
reviewed, but no considered about the UWB
signal definition and spectral masks specified by
FCC. The signal processing and numerical
techniques are used to design the UWB
waveform [7]-[14]. Although the waveform has
very high effective spectral in designed
frequency range, these algorithms are complex.
Therefore, the simple waveforms for UWB
communications are proposed [15]. After that,
the orthogonal pairs of simple UWB waveforms
are developed for pulse shape modulation
(PSM) scheme [16]. Although, these waveforms
have the closed form expressions in both time
and frequency domains, they are considered
only the PSD of one UWB waveform. There is
no consideration about the PSD of pulse train of
UWRB signal using modulation scheme.

In this paper, the PSD of UWB signal
using modulation scheme is analyzed. The
modulation scheme is focused on the PSM
without and with time hoping (TH) [17]. The
orthogonal pair of modulated Gaussian
waveforms, which satisfied the UWB signal
definition and FCC indoor and outdoor limit
spectral masks [16], are considered and
demonstrated. The PSD of UWB signal consists
of the continuous and discrete components. The
discrete component presents greater interference
to narrowband communication system than the
continuous component. The PSD of UWB signal
using PSM without and with TH is analyzed and
shown. The capability of PSM with TH that
suppressed the discrete component is discussed
in the conclusion.

This paper is organized as follows.
Section 2, the PSD of UWB signal using PSM is
briefly described. Next, the PSD analysis results
are illustrated in Sec. 3. Finally, the conclusions
are drawn in Sec. 4.

2. PSD of UWB Signal Using PSM

In this section, we will first introduce the
UWB waveform model, which is the orthogonal
pair of modulated Gaussian waveforms. After
that, we will investigate the PSD expressions
of UWB signal using PSM without and with
TH.
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2.1 UWB Waveform Model

The UWB waveforms that used for PSM
scheme are the orthogonal pair of modulated
Gaussian waveforms. The orthogonal pair of
modulated Gaussian waveforms in time domain,
£, and £, and their spectral density functions, F,
and F, are given by [16]

£o(0) = 4,e”"" sin(2af,1), 3)
fi(t) = 4e™"" cos(2nf.0), (4)

AANT [ warg-py _ ,wdi e fy
-T e —e

£ = (5)

F(f) = Audz“j; [e—n"u"(.f—f. ¥ e = d UL l (6)

where f. is the carrier frequency, d is the 1/e
characteristic decay time, A4, and A, are the
maximum amplitudes of waveform envelopes
f, and f,, respectively.

2.2 PSD of UWB Signal Using PSM without TH

The PSM without TH uses the orthogonal
pair of waveforms to represent the bits ‘0’ and
*1’. The UWB signal using PSM without TH
can be presented as [17]

s = Y1 =d,) ot ~nT,)+d, £t ~nT)]. (7)

where d, is the digital data in sequence of n,
T, is the time interval of bit data, f, and f, are

the waveforms representing bits ‘0’ and ‘I’,
respectively.

The probability distribution function
(PDF)of d, is

p d,=1

; 8
I-p d,=0 @)

P{d,,}={

where p is the probability of d, is the bit *1°.

For considering radiated PSD, the
transmitter (Tx) antenna is assumed to be the
isotropic antenna. The internal circuit and Tx
antenna impedances are assumed to be the same
real value R. That is the ideal with maximum
radiated PSD. In this paper, the path loss and
measurement system are not considered.
Therefore, the radiated PSD of UWB signal
using PSM without TH can be derived as
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2.3 PSD of UWB Signal Using PSM with TH
The PSM with TH is used to suppress the

discrete component of PSD. The UWB signal

using PSM with TH can be presented as [17]

& [(-d)fo(t=nT, +T,)
*‘(’)‘Z{m,f.(r—ny;m,) } (10)

n=—x

where 7, is the TH.

The PDF of 7, is the uniform distribution
in the range of —7,/2 to T,/2, which can be
written as

_L _LqT SEJ-
P(T,)=1T, o T (11)
0 elsewhere

The radiated PSD of UWB signal using
PSM with TH is considered in the same way of
that without TH, which can be derived as

Sn(f)=

lim ]
N-= ARNT,

v (1-d)F, () /2 (TAT,) z
+d F.(f) l

n=-N1/2

(12)

3. PSD Analysis Result

The orthogonal pair of modulated
Gaussian waveforms is used as the UWB signal
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Fig. 2PSD of orthogonal pair of modulated
Gaussian waveforms compared with FCC
indoor spectral mask.

for representing bits ‘0” and ‘1. The waveform
parameters, which obtained from the maximum
amplitude and average power optimizations
[16], are considered for both FCC indoor and
outdoor limit spectral masks. The parameters R
and N are set to be 50 Q and 1,000,000 bits,
respectively. The bit rate is assumed to be 110
Mbps, therefore 7, is equal to 9.09 ns.

For FCC indoor limit spectral mask, the
waveform parameters are A, =4 =376 V,

d=0.11 ns and f =7.34 GHz. The time

domain waveforms and their PSD compared
with FCC indoor limit spectral mask are shown
in Figs. 1 and 2, respectively. The fractional
bandwidth, occupied bandwidth and average
power of these waveforms are 0.84, 6.20 GHz
and —62.75 dBm, respectively

For FCC outdoor limit spectral mask, the
waveform parameters are A, =4 =3.18 V,

d=0.13 nsand f, =6.85 GHz. Figures 3 and 4

show the time domain waveforms and their PSD
compared with FCC outdoor limit spectral mask,
respectively. The fractional bandwidth, occupied
bandwidth and average power of these
waveforms are 0.77, 5.24 GHz and -63.25
dBm, respectively. The PSD of each waveform
is the same with another for both cases.

For analyzing PSD of UWB signal using
PSM without and with TH, two cases of p are
considered for FCC indoor and outdoor limit
spectral masks. For the first case, the parameter
pis setto be 0.0 or 1.0, which all bits are ‘0" or
‘1. Another case, the parameter p is set to be
0.5, which the bits ‘0" and ‘1 are equal.
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Figures 5 and 6 show the PSD of UWB
signal using PSM without TH compared with
FCC indoor and outdoor limit spectral masks,
respectively. The continuous and discrete
component characteristics of PSD for FCC
indoor and outdoor limit spectral masks are the
same. The PSD of p=0.0 or 1.0 is more than
the FCC indoor and outdoor limit spectral masks
up to 59.99 dB, while that of p=0.5 is more
than the FCC indoor and outdoor limit spectral
masks up to 56.98 dB. That because the discrete
component of p=0.5 is less than that of
p=0.0 or 1.0. Therefore, the PSD of p=0.5
is decreased from that of p=0.0 or 1.0 about 3

dB. Although this orthogonal pair of modulated
Gaussian waveforms is well designed to satisfy
the FCC indoor and outdoor limit spectral
masks, their PSD using PSM without TH
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exceeds the FCC indoor and outdoor limit
spectral masks very much. Then, the technique
that uses to suppress the discrete component of
PSD is necessary.

In this paper, the PSD of UWB signal
using PSM with TH is considered to suppress
the discrete component. The PSD of UWB
signal using PSM with TH compared with FCC
indoor and outdoor limit spectral masks are
shown in Figs. 7 and 8, respectively. The
continuousanddiscrete component characteristics
of PSD for FCC indoor and outdoor limit
spectral masks are little difference. The PSD of
p=0.0 or 1.0 is more than the FCC indoor and

outdoor limit spectral masks up to 8.64 and
9.01 dB, respectively. For p=0.5, the PSD is
more than the FCC indoor and outdoor limit
spectral mask up to 9.0l and 8.34 dB,
respectively. In this case, the parameter p doses
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not have any effect on PSD suppression. The
discrete component of UWB signal using PSM
with TH is less than that of without TH about
51 dB for p=0.0 or 1.0, and 48 dB for

p=0.5. Although the PSD of UWB signal

using PSM with TH is extremely reduced
compared with that of without TH, their PSD
still exceeds the FCC indoor and outdoor limit
spectral masks. Therefore, the peak power of
UWB signal must decreases to satisfy the FCC
indoor and outdoor limit spectral masks.

4. Conclusion

In this paper, the PSD of UWB signal
using PSM without and with TH is analyzed.
The orthogonal pair of modulated Gaussian
waveforms, which satisfied the UWB signal
definition and FCC indoor and outdoor limit
spectral masks, are considered. From the results,
we can see that the PSD characteristics of UWB
signal for FCC indoor and outdoor limit spectral
masks are almost the same. The PSM with TH
can be suppressed the discrete component of the
PSD about 50 dB, but this is not sufficient. The
peak power of UWB signal must decreases
about 9 dB to satisfy the FCC indoor and
outdoor limit spectral masks.
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