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ABSTRACT

In this thesis, modified simple waveforms are analyzed to satisfy the definition of ultra
wideband (UWB) signal regulated by Federal Communications Commission (FCC). The
Gaussian, rectangular doublet and Gaussian doublet are considered to modify. These modified
simple waveforms can be written in the term of closed form time domain and spectral density
equations. After that, the radiated power spectral densities (PSD) of these waveforms are
optimized to satisfy the FCC spectral masks for indoor and outdoor UWB communications.
Maximum bandwidth, amplitude and average power cases are considered. These modified simple
waveforms can be used as the reference transmitted signal that satisfy the UWB signal definition

and FCC spectral mask for indoor and outdoor UWB communications.
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Abstract—Ultra wideband (UWB) waveform is necessary to
satisfy the regulation of Federal Communications Commission
(FCC) for preventing interference to other communications. In

this paper, modified Gaussian waveforms are presented to - [

satisfy the FCC signal definition and spectral masks. The
derivatives of Gaussian waveform are considered. They are
optimized for maximum bandwidth, amplitude and average
power in the FCC spectral masks for indoor and outdoor limits
ranging from 3.1 to 10.6 GHz. The binary pulse amplitude
modulation (PAM) with balance binary data independent
identically distribution (i.i.d.) random sequence is considered to
easily derived the power spectral density (PSD) of waveforms.
The PSDs and parameters of optimized waveforms are shown.
The optimized results are discussed in the conclusion.

Keywords-ultra wideband (UWB); Gaussian waveform; spectral
mask

L. INTRODUCTION

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]-
[3]. UWB technologies are difference 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, pulse trains with ultra
wide frequency spectrum are transmitted. The Federal
Communications Commission (FCC) specified that the main
band of UWB signal is in a frequency spectrum ranging from
3.1 to 10.6 GHz. The FCC defined UWB signal as those, which
have a fractional bandwidth greater than or equal to 0.20, or
occupied bandwidth greater than or equal to 500 MHz. The
fractional and occupied bandwidth are defined as [4]

2(fn _f:.)

Fractional bandwidth = —2—*= |

f.H + ff-
Occupied bandwidth = £, - f,,

(M

(2

where f, and f,, are the lower and upper frequencies at the
-10 dB point, respectively.
The power spectral density (PSD) of UWB signal is

considered to be noise for other communication systems
because its PSD is not excess the spectral masks for indoor and
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TABLE L PSD RADIATION LIMITS PROPOSED BY FCC [4])
Frequency PSD (dBm/MHz) PSD (dBm/MHz)
(MHz) for indoor limit - ~ for outdoor limit
Less than 960 -41.3 -41.3
960-1610 -75.3 -75.3
1610-1990 -53.3 -63.3
1990-3100 -51.3 -61.3
3100-10600 413 41.3
More than10600 -51.3 -61.3
4Ty T T
51— o]
e -
e -
* I
. .
- -
ED S -
—— FCC spectral mask for Indoor lienit
- PR N —= FCC w_;-gﬂﬂlm"
- " "'
Frequency (GHz)
Figure 1. FCC spectral masks for UWB communications [4]

outdoor limits. The PSD radiation limits proposed by FCC and
FCC spectral masks for UWB communications are shown in
Table 1 and Fig. 1, respectively [4]. UWB receiver collects the
power of the received signal to rebuild the pulse. Therefore,
UWB radio technologies can coexist with other RF
technologies without interference.

Numerous UWB waveforms have been proposed [5].
Although the waveform designs are reviewed, UWB signal
definition and spectral masks were not considered. There are
many techniques for designing UWB waveform such as by
using Hermite function [6]-[7] and prolate spheroidal wave
function [8). The numerical technique is also used to design the
UWB waveform [9]-[10]. Although these waveforms have
very high spectral efficiency in the designed frequency range,
the algorithms of these techniques are complicated. The simple
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waveforms for UWB communications are proposed to satisfy
the FCC spectral masks [11]. The Gaussian monocycle, which
is second order derivative of Gaussian waveform, cannot
satisfy FCC regulation. Therefore, this waveform is necessary
to modify for satisfying FCC regulation.

In this paper, modified Gaussian waveforms are presented
to satisfy the FCC signal definition and spectral masks. The
derivatives of Gaussian waveform are considered. They are
optimized for maximum bandwidth, amplitude and average
power in the FCC spectral masks for indoor and outdoor limits
ranging from 3.1 to 10.6 GHz. The binary pulse amplitude
modulation (PAM) with balance binary data independent
identically distribution (i.i.d.) random sequence is considered
to easily derived the PSD of waveforms [12]. The PSDs and
parameters of optimized waveforms are shown. The optimized
results are discussed in the conclusion.

The rest of this paper is organized as follows. Section 2, the
modified Gaussian waveforms are explained. Next, the
optimization results are illustrated in Section 3. Finally,
conclusion is discussed in Section 4.

II. MODIFIED GAUSSIAN WAVEFORMS

Gaussian waveform is modified to satisfy the FCC UWB
signal definition and spectral masks for indoor and outdoor
limits. The Gaussian waveform in time domain f, and its

spectral density function F, can be written as

fo(t) = 4™, 3)

F(f) = Ad{me™", @)
where ¢ is time, f is frequency, 4 and d are the maximum

amplitude and 1/e characteristic decay time of Gaussian
waveform, respectively. The spectral density function is also
Gaussian function and has direct current (DC) component.
Therefore, Gaussian waveform is not suitable for UWB signal.

Monocycle waveform is the second order derivative of the
Gaussian waveform. This waveform in time domain f, and its

spectral density function F, are respectively given by

202 V24 o
1,0 -(—l+§;)?e , )
F(f) =-44dn’n fle" . (6)

Although this waveform does not have DC component, it
cannot optimize to satisfy FCC regulation [11]. Then, the
Gaussian waveform is modified using higher order derivative.

The n-th order derivative of Gaussian waveform in time
domain f, and its spectral density function F, can be
expressed as
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4
Jikry= 0% M

F(f) =G24 ) F (). (8
This waveform is used to optimize for maximum bandwidth,
amplitude and average power. The detail of optimization is
described in Section 3.

The optimized waveform is assumed to be voltage signal.
For obtaining the continuous component of PSD, the binary
PAM with balance binary data iid random sequence is
considered. Then, the PSD of the transmitted waveform can be
simplified to [12]

S(f)=Til RNE, ©)

where T; is the time interval of one waveform and F is the
spectral density of waveform.

For considering the radiation power, the transmitter (Tx)
antenna is assumed to be isotropic antenna. The internal circuit
and Tx antenna impedances are assumed to be same real value
R . This is ideal case with maximum radiation power. If this
case satisfies the FCC regulation, it guarantees that other cases
also satisfy the FCC regulation. In this paper, the path loss and
measurement system are not considered. The radiation PSD of
this ideal case can be written as

S.(f)=#SU). (10)

III.  OPTIMIZATION RESULTS

The n-th derivatives of Gaussian waveform are optimized
for UWB communications. The UWB signal definition by FCC
is considered [4]. The condition of f, and f, are set to

3.1 GHz < f, < f, < 10.6 GHz. Each waveform must have

fractional bandwidth greater than or equal to 0.20, or occupied
bandwidth greater than or equal to 500 MHz. After that, each
waveform is satisfied the FCC spectral masks for indoor and
outdoor limits. The three assumptions for good UWB signal
waveform are considered. Fist is wide bandwidth for reducing
the effect of multipath fading [13]. Next is high amplitude for
increasing the efficiency of peak detection receiver. Final is
high average power for increasing signal to noise ration (SNR).
Then, each waveform is optimized for maximum bandwidth,
amplitude and average power in the frequency ranging from
3.1 to 10.6 GHz. For the optimization, the solution of [ is
0.01 GHz, r is0.01 nsand 4 is 0.01 ns.

Only 4th and higher 4th order derivatives of Gaussian
waveform can be optimize to satisfy the FCC signal definition
and spectral masks for indoor and outdoor limits. Fig. 2 shows
the bandwidth of each optimized waveform satisfying FCC
spectral masks for indoor and outdoor limits. The bandwidth
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Figure 2. Bandwidth of each optimized waveform satisfying FCC spectral
masks for indoor and outdoor limits
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Figure 4. Average power of each optimized waveform satisfying FCC
spectral masks for indoor and outdoor limits
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Figure 3. Maximum amplitude of each optimized waveform satisfying FCC
spectral masks for indoor and outdoor limits

of optimized waveforms _satisfying FCC spectral masks for
indoor and outdoor limits is the same. The 4th derivative of
Gaussian waveform has widest bandwidth that is 6.78 GHz.

- The maximum amplitude of each optimized waveform
satisfying FCC spectral masks for indoor and outdoor limits is
shown in Fig. 3. The maximum amplitude of all optimized
waveforms satisfying FCC spectral mask for indoor limit is
more than that for outdoor limit because the spectral mask for
outdoor limit at some frequency rage is lower than that for
indoor limit. The 6th and 8th derivatives of Gaussian waveform

have highest maximum amplitude that is about 5.35(R7,)"
and 4.30(RT;)"* V for indoor and outdoor limits, respectively.

Fig. 4 shows the average power of each optimized
waveform satisfying FCC spectral masks for indoor and
outdoor limits. Like the maximum amplitude, the average
power of all optimized waveforms satisfying FCC spectral
mask for indoor limit is more than that for outdoor limit. The
6th and 8th derivatives of Gaussian waveform have highest
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Figure 5. Optimized waveforms in time domain satisfying FCC spectral
mask for indoor limit

average power that is about -62.88 and 63.81 dBm for indoor
and outdoor limits, respectively. Next, the parameter of these
waveforms are separately considered to satisfy FCC spectral
mask for indoor and outdoor limits

A.  FCC Spectral Mask for Indoor Limit

For maximum bandwidth optimization, the optimum
waveform is 4th order derivative of Gaussian waveform with
parameters d =0.07 ns and A=9.47x10"JRT, V. The

maximum amplitude is 4.73(RT,)"* V. This waveform has
1.00 fractional bandwidth and 6.78 GHz occupied bandwidth.
The average power of this waveform is -64.52 dBm.

For maximum amplitude and average power optimizations,
the results are the same. The optimum waveform is 6th order
derivative of Gaussian waveform with parameters d =0.08 ns

and A=-l.l7x10"’\/RT, V. The maximum amplitude is
5.35(RT,)"* V. This waveform has 0.84 fractional bandwidth
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Figure 6. PSDs of optimized waveforms compared with FCC spectral mask
for indoor limit

and 5.97 GHz occupied bandwidth. The average power of this
waveform is -62.88 dBm. These waveforms in time domain
satisfying FCC spectral mask for indoor limit and their PSDs of
compared with FCC spectral mask for indoor limit are shown
in Figs. 5 and 6, respectively.

B. FCC Spectral Mask for Outdoor Limit

For maximum bandwidth optimization, the optimum
waveform is 4th order derivative of Gaussian waveform with

parameters d =0.07 ns and 4=4.85x10"/RT, V. The

maximum amplitude is 2.42(RT,)"* V. This waveform has

1.00 fractional bandwidth and 6.78 GHz occupied bandwidth.
The average power of this waveform is -70.34 dBm.

For maximum amplitude and average power optimizations,
the results are the same. The optimum waveform is 8th order
derivative of Gaussian waveform with parameters d =0.10 ns

and A=2.55x10‘“,[RT, V. The maximum amplitude is

4.30(RT,)"* V. This waveform has 0.73 fractional bandwidth

and 4.78 GHz occupied bandwidth. The average power of this
waveform is -63.81 dBm. These waveforms in time domain
satisfying FCC spectral mask for outdoor limit and their PSDs
of compared with FCC spectral mask for outdoor limit are
shown in Figs. 7 and 8, respectively.

IV. CONCLUSION

In this paper, modified Gaussian waveforms are presented
to satisfy the FCC signal definition and spectral masks. The
derivatives of Gaussian waveform are considered. From the
results, we can see that the 4th order derivatives of Gaussian
waveform has maximum bandwidth satisfying both FCC
spectral masks for indoor and outdoor limits. The 6th and 8th
order derivatives of Gaussian waveform have both maximum
amplitude and average power satisfying FCC spectral masks
for indoor and outdoor limits, respectively.
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Modified Doublet Waveforms Satisfying FCC Spectral Masks for
Ultra Wideband Communications
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Ultra Wideband (UWB) waveform is necessary to satisfy the regulation of Federal Communications
Commission (FCC) for preventing interference to other communications. In this paper, modified doublet
waveforms are presented to satisfy the FCC signal definition and spectral masks. The modifications of
rectangular and Gaussian doublet waveforms are considered. They are optimized for maximum bandwidth,
amplitude and average power in the FCC spectral masks for indoor and outdoor limits ranging from 3.1 to 10.6
GHz. The binary pulse amplitude modulation (PAM) with balance binary data independent identically
distribution (i.i.d.) random sequence is considered to easily derive the power spectral density (PSD) of each
waveform. The optimized results are discussed in the conclusion.

Keywords:

doublet waveform, spectral mask, power spectral density (PSD), ultra wideband (UWB).

1. INTRODUCTION

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 technologies are difference 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, pulse trains with ultra wide frequency
spectrum are transmitted. The Federal Communications
Commission (FCC) specified that the main band of
UWB signal is in a frequency spectrum ranging from
3.1 to 10.6 GHz. The FCC defined UWB signal as
those, which have a fractional bandwidth greater than or
equal to 0.20, or occupied bandwidth greater than or
equal to 500 MHz [2].

The power spectral density (PSD) of UWB signal is
considered to be noise for other communication systems
because its PSD is not excess the spectral masks for
indoor and outdoor limits. UWB receiver collects the
power of the received signal to rebuild the pulse.
Therefore, UWB radio technologies can coexist with
other RF technologies without interference.

Numerous UWB waveforms have been proposed
[3]. Although, the waveform designs are reviewed,
UWB signal definition and spectral masks were not
considered. There are many techniques for designing
UWB waveform such as by using Hermite function [4],
[5] and prolate spheroidal wave function [6]. The
numerical technique is also used to design the UWB
waveform [7], [8]. Although these waveforms have
very high spectral efficiency in the designed frequency
range, the algorithms of these techniques are
complicated. The simple waveforms for UWB

communications are proposed to satisfy the FCC
spectral masks [9]. The doublet rectangular and
Gaussian waveforms cannot satisfy FCC regulation.
Therefore, these waveforms are necessary to modify for
satisfying FCC regulation.

In this paper, the modified doublet waveforms are
presented to satisfy the FCC signal definition and
spectral masks. The modifications of rectangular and
Gaussian doublet are considered. They are optimized for
maximum bandwidth, amplitude and average power in
the FCC spectral masks for indoor and outdoor limits
ranging from 3.1 to 10.6 GHz. The binary pulse
amplitude modulation (PAM) with balance binary data
independent identically distribution (i.i.d.) random
sequence is considered to easily derive the power
spectral density (PSD) of each waveform [10]. The
PSDs and parameters of optimized waveforms are
shown. The optimized results are discussed in the
conclusion.

The rest of this paper is organized as follows.
Section 2, the modified rectangular and Gaussian
doublet waveforms are explained. Next, the
optimization results are illustrated in Section 3. Finally,
conclusion is discussed in Section 4.

2. MODIFIED DOUBLET WAVEFORMS

The modifications of rectangular and Gaussian
doublet 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 ii.d. random sequence is
considered. Then, the PSD of the transmitted waveform

S(f) can be simplified to [10]
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S(f)=Tl|F(f)|2, 3)
s

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

F(f)= [fwe*ar, “

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

For considering the radiated power, the transmitter
(Tx) antenna is assumed to be isotropic antenna. The
internal circuit and Tx antenna impedances are assumed
to be same real value R . This is ideal case with
maximum radiated power. If this case satisfies the FCC
regulation, it guarantees that other cases also satisfy the
FCC regulation. In this paper, the path loss and
measurement system are not considered. The radiated
PSD of this ideal case Sz (f) can be written as

S (f)=$S(f)- 5)

The rectangular waveform in time domain and its
spectral density are defined as follow

A |1l

f@0) = o ©)
0 |tp—=
2

F(f) = jAt, sinc(t, f), 7

where A is the amplitude and ¢, is the pulse width.
The Gaussian waveform in time domain and its

spectral density are define as follow
£(6) = 4™, ®)
F(f) = Adme ™41 ©

where 4 is the maximum amplitude, d is the
1/ e characteristic decay time.

Doublet waveform [3] consists of two pulses, where
one is the inverse amplitude of the other and the pulses
are separated by a time gap between the maximum
amplitude of each pulse.

For the rectangular doublet waveform, the
waveform in time domain and its spectral density are
defined as follow

A t,<t<0
f@®) =4—-4 0=t<yy, (10)
0 elsewhere
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F(f) = j2At, sinc(t, f)sin(at, f) . (11)

This waveform is consisted two rectangular pulses
which one is the inverse amplitude of the other each
pulse has t, width. The area of its waveform is equal

to 0 and then this waveform has zero direct current (DC)
component.

For the Gaussian doublet waveform, the waveform
in time domain and its spectral density are defined as
follow

f(1) = A{e{(ud).’d]l _e—[(r—d)id]’}, (12)
F(f) = 24dme™ " sin@nfd).  (13)

This waveform is consisted two Gaussian pulses
which one is the inverse amplitude of the other and the
pulses are separated by the time gap of d between the
maximum of each. This waveform has zero DC
component same the rectangular doublet waveform.

Although the rectangular and Gaussian doublet
waveforms have zero DC component and can be
accomplished the wide bandwidth by adjusting the pulse
width, they cannot satisfy the FCC regulation [9].
Therefore, these waveforms are modified by adding
more inverse amplitude pulse.

The example modified doublet waveforms called
triplet waveforms are shown. The triplet waveform
consists of three inverses amplitude pulses. The
rectangular triplet waveform in time domain and its
spectral density are defined as follow

3 11 3
A —=t, St<——t,,—t, St<—t
3 Rl i

f(t) =4-4 --;-tb Sr<%tb , (14)
0 elsewhere
F(f) =241, sinc(!bf)[cos(zmb)—%]. (15)

The Gaussian triplet waveform in time domain and
its spectral density are defined as follow

1) = Af e-{(r+2d)ld]‘ A e-(uar)’ : e-[(:—zd)/ar}? ¥, (16)

F(f) =24dze ™4/’ [cos(4fgfd)+-li]. a7

The other modified waveforms with more inverses
amplitude pulses are derived in the same way. The
results of optimized waveforms are described in next
section.
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3. OPTIMIZATION RESULTS

The modified rectangular and Gaussian doublet
waveforms are optimized for UWB communications.
The UWB signal definition by FCC is considered [2].
The condition of f; and f are set to 3.1 GHz

< f, <fy £°10.6 GHz. Each waveform must have

fractional bandwidth greater than or equal to 0.20, or
occupied bandwidth greater than or equal to 500 MHz.
After that, each waveform is satisfied the FCC spectral
masks for indoor and outdoor limits. The three
assumptions for good UWB signal waveform are
considered. Fist is wide bandwidth for reducing the
effect of multipath fading [11]. Next is high amplitude
for increasing the efficiency of peak detection receiver.
Final is high average power for increasing signal to
noise ration (SNR). Then, each waveform is optimized
for maximum bandwidth, amplitude and average power
in the frequency ranging from 3.1 to 10.6 GHz. For the
optimization, the solution of f is 0.01 GHz, 1, 1,

and d are 0.0] ns.

Only 6 to 14 inverse amplitude pulses can be
optimize to satisfy the FCC signal definition and
spectral masks. The results satisfying FCC spectral
masks for indoor and outdoor limits are the same. Fig. 1
shows the bandwidth of each optimized waveform
satisfying FCC spectral masks. The bandwidths of
modified Gaussian doublet waveforms with 6 to 8
inverse amplitude pulses are wider than that of modified
rectangular doublet waveforms with same inverse. For
the waveforms with 9 to 14 inverse amplitude pulses,
the bandwidths are almost the same. The Gaussian
sextuplet waveform with 6 inverse amplitude pulses has
widest bandwidth that is 6.37 GHz.

'\ —e— Modified rectangular doublet waveform
F1 AN -+ Modified Gaussian doublet waveform

g
[

[
o

Bandwidth (GHz)
B

] 7 8 5 1Io 1 12 13 14
Number of inverse amplitude pulses
Fig. 1. Bandwidth of each optimized waveform satisfy
FCC spectral masks

The maximum amplitude of each optimized
waveform satisfying FCC spectral masks for indoor and
outdoor limits is shown in Fig. 2. The maximum
amplitude of most modified Gaussian doublet
waveforms are more than that of modified rectangular
doublet waveforms. The Gaussian septuplet waveform
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with 7 inverse amplitude pulses