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Figure 2.6 Proposed ETSI emission standards for handheld and indoor UWB
systems.

UWB radio technology, the concept of frequency management itself has
been challenged, and regulators, with their supporting organizations, are
responding to meet this challenge. The reason that the regulation changes
adopting UWB happened more quickly in the United States than in other
places is that US companies have devices they want to get to the market
place, and that a few key commercial players really pushed the legislation. In particular, Time Domain Corporation, followed by many other
interested parties, initially brought the matter to the attention of the FCC.
The shear weight of commercial interest in the technology caused the
FCC to respond by enabling UWB with a balanced and fair set of regulations appropriate for the United States. Regulating bodies respond
to market pressure and other countries will develop their own regulations in their own fashion, appropriate to their own market demands.
UWB, though an old technology, is in its modern infancy so there is
no doubt that other regulations will spring up all over to accommodate UWB’s growth and changes through future innovations and consumer demand.
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Figure 3.2 Band occupancy of a frequency-hopping OFDM UWB system.

approach, but rather to expose that, with the proper choice of parameters,
a rather traditional radio approach can be conﬁgured to meet the regulatory requirements for access to the UWB spectrum. Figure 3.2 shows the
band plan for the proposed frequency-hopping OFDM system. Minimal
systems would use the “A” channels shown in the ﬁgure. Additional channels beyond this group are available for more elaborate systems and for
future growth.
This OFDM approach uses conventional radio techniques to access the
7,500 MHz of unlicensed spectrum under the UWB rules. Is it “UWB?”
Yes! The regulations do not specify technology, but rather rules for accessing spectrum. Is it “traditional UWB?” Perhaps not. The performance of
this OFDM will resemble that of 128 narrowband radios, each occupying about 4 MHz of spectrum. Multipath is dealt with by spreading the
forward error-correction code across the frequency bands. There is not
much depth in the coding at the higher data rates, so comparatively less
protection is available at higher rates.
3.1.2 A DS-UWB Approach to UWB
Direct Sequence Spread Spectrum (DS-SS) has roots in secure and military communications systems. It also appears in the IEEE802.11b WLAN
standard. We had encountered DS-SS earlier when we discovered that
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Figure 3.5 Impulse wavelets for a TD/FDMA UWB system.
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4.1 UWB Signal Deﬁnitions
Regulations (in this example, FCC regulations: see Appendix A) shape
the general characteristics of UWB signals and signaling systems. Our
primary concern is with UWB Communications and Measurement Systems, such as high-speed home and business networking devices. The
devices must operate in the UWB frequency band 3.1 to 10.6 GHz. The
equipment must also be designed to ensure that operation can only occur
indoors or it must consist of handheld devices that may be employed
for such activities as peer-to-peer operation. Intentional UWB radiators
must be designed to guarantee that the 20-dB bandwidth of the emission
is contained within the UWB frequency band. The minimum bandwidth
measured at points 10 dB below the peak emission level is 500 MHz. The
permissible emission levels for UWB signals in the UWB band are set at
−41.3 dBm/MHz.
Therefore, in UWB signal design, we are concerned with the 10-dB
bandwidth to ensure compliance with minimum bandwidth requirements,
the 20-dB bandwidth to make certain that the signal remains below the
20-dB band edge corners on the UWB communications power spectral density (PSD) mask, and the frequency of highest radiated emission,
which must be below the maximum allowed PSD. Figure 4.3 represents
these limits pictorially.

PSD mask
−41.3 dBm/MHz
10 dB

10 dB

20 dB

Bandwidth

PSD mask corner

fL

fC

fL

Figure 4.3 UWB signal design points.
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4.2.2 Precision Signal Design
In another approach, we can synthesize UWB signals with precision in
both the signal shape and its placement in the frequency spectrum. To that
end, signals can be shaped at “base band” and then shifted in frequency to
the desired location in the spectrum using Armstrong’s heterodyning technique. Band shaping is much easier to accomplish at base band than it is at
higher radio frequencies. We ﬁrst choose a signal shape so that the bandwidth speciﬁcations are met. We will consider several examples of base
band pulse shapes starting with a simple rectangular shaped signal representing, perhaps, a digital data stream in the time domain. The rectangular
pulse r(t) is centered on t = 0 and has a width of T picoseconds.


T
T
r(t) = 1, − < t <
; 0 elsewhere
(4.1)
2
2
The Fourier transform of r(t) gives us an expression R(f ) for the
frequency-domain representation of the same signal,
R(f ) =

T sin(π Tf )
π Tf

(4.2)

Figure 4.7 shows the relationship between r(t) and R(f ) graphically.
Recall from our discussions in Chapter 1 that the narrower a signal is in
time, the wider its representation in the frequency spectrum. That behavior
is captured in the scaling parameter T in r(t) and R(f ). Notice that
the width T in time corresponds to a width 2/T in frequency. We now
have a way of selecting the width of the signal spectrum in terms of the
pulse duration.
We see in Figure 4.7 that the rectangular pulse generates a frequencydomain signal having a large main lobe between f = −1/T and f =
1/T , but that it also has signiﬁcant energy lobes outside the main lobes.
These are troublesome since they carry energy at levels that might exceed
regulatory levels. We need an effective way to lower these side-lobe
levels.
An interesting property of signals is that the smoother the rise and fall of
a time-domain signal, the lower the energy content in the side lobes of
the frequency representation of the signal. Thus, by shaping the edges of
a time signal, we can control the energy content in the spectral side lobes.
Let us look in detail at three kinds of pulse shapes:

Generating and Transmitting UWB Signals

63

T

Time

−1/T

1/T

Frequency

Figure 4.7 Time-domain and frequency-domain representations of a pulse are
related by the Fourier transform.

(a) a rectangular pulse r(t)
(b) a cosine-shaped pulse c(t), and
(c) a bell shaped-Gaussian pulse g(t).
These signals are depicted by Figure 4.8 in both the time and frequency
domains. The cosine pulse, described by


2π tf a
c(t) = cos
2


; |t| <

1
;
2fa

0 elsewhere

(4.3)

rounds the top part of the rectangular pulse, but still has abrupt corners
at the two points where c = 0. Its frequency-domain representation is


f
cos π
fa
C(f ) =


f 2
1− 2
fa

(4.4)
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Figure 4.8 Smoother time-domain signals have less energy outside the desired
frequency band.

The bell-shaped Gaussian pulse g(t), written for graphing convenience
with its peak value set to 1, is described by


−0.5 t 2
g(t) = exp
u2


(4.5)

and its frequency representation, also a Gaussian shape, is
G(f ) = exp[−2(π fu)2 ]

(4.6)

The Gaussian time pulse has smooth transitions everywhere, and similarly
is represented by a smooth bell shape in frequency. The width parameter
u = uB is picked so that G(f )2 = 0.1 at a value fB GHz to meet the
bandwidth requirements as seen in Figure 4.3. So,
uB =

1
[2πfB [log(e)]1/2 ]

(4.7)

and fB is the desired half bandwidth of 1 GHz and e = 2.81828 . . . is
the base of the natural logarithms. Design parameters for the three time
pulse shapes, rectangular, cosine, and Gaussian, can be chosen so that
the 10-dB bandwidths in the frequency-domain representation are exactly
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Figure 4.9 Different time-domain signals have the same bandwidth, but less
energy outside that bandwidth.

equal, as shown in Figure 4.9. The main lobes between the 10-dB points
are nearly identical, but the side-lobe structure is quite different. Very
clearly, the sharpest edged time pulse has the highest side-lobe level,
followed by the smoother cosine pulse. The lowest side-lobe, or out-ofband, energy is contained in the spectrum of the Gaussian pulse. While
only the fundamental basics of pulse design are illustrated here, we should
point out that many more and different pulse designs are possible, and in
fact, desirable in UWB systems. For example, pulse shapes whose spectra
conform closer to the regulatory emissions mask would advantageously
contain more energy.
4.2.3 Calculating Power for Repetitively Sent Pulses
A single isolated pulse delivers energy, measured in joules. Energy pulses
are delivered at an average signal pulse repetition frequency (PRF), so
they appear as energy per unit time (joules/s), or power. The emission
rules and regulations specify limits on both average power emissions and
peak power. Average power emission is measured as effective isotropically
radiated power (EIRP) – that is, power radiated by an antenna with a gain
of 1. Absolute peak power is measured over the duration of the pulses that
are sent repetitively. However, for purposes of conforming to regulations,
peak power is the power measured in a 1-MHz bandwidth. The total
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energy outside the main lobe. The Gaussian pulse does not have side lobes;
the energy just continues to decay according to the bell-shaped curve.
The value reported in Table 4.1 is the signal level at the frequency corresponding to the peak of the rectangular pulse side lobe. Shaping pulses
thus affect the total occupied bandwidth and also the total possible EIRP.

4.3 Signal Pulse Design Examples
Here we will synthesize two different UWB signal designs resulting in
1. a UWB signal that occupies the desired 3.1- to 5.1-GHz segment;
2. multiple signals, each 500-MHz wide, and placed between 3.1
and 10.6 GHz.
In the ﬁrst design, a pulse is chosen that has a 2-GHz bandwidth, as
measured between points that are on either side of the center frequency
and are 20 dB below the peak level. The spectrum is to be centered at
4.1 GHz. This pulse is designed to be the widest bandwidth signal that ﬁts
between the lower UWB band edge at 3.1 GHz and other wireless communications systems that appear between about 4.9 and 5.9 GHz such as
the U-NII services in the United States. In the second design, the emission
bandwidth is chosen to be 500 MHz measured at points 10 dB down from
the peak emission level. This second signal design is the minimum bandwidth permissible under current FCC regulations. Pulses of this narrower
bandwidth design will be placed in various positions between 3.1 and
10.6 GHz. Table 4.2 shows a summary of the two different design goals.
4.3.1 Pulse Design Constraints
Note that the narrowband pulses are speciﬁed in terms of the regulatory
deﬁnitions and constraints. The 500-MHz pulse may be placed anywhere
in the allowed spectrum between 3.1 and 10.6 GHz. This narrowband pulse
Table 4.2 Signal pulse design goals.
Pulse type
Wideband
Narrowband

Bandwidth

Target band

2 GHz at 20-dB points
500 MHz at 10-dB points

3.1–5.1 GHz
3.15–3.65 GHz
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Figure 4.12 Base band pulse and its spectrum.

We state this mathematically using a bell-shaped Gaussian function by
Equations (4.5) to (4.7).
Mathematically, the time function g(t) and its frequency representation
G(f ) are related by the Fourier transform, but we need not dwell on that
detail here. We choose a particular uB so that G(f ) = 0.1 at f = 1.0 GHz
to meet the bandwidth requirements as seen in Figure 4.12. The bandwidth fB in Equation (4.7) is the desired width of 1 GHz. The ﬁnal step
in this UWB signal generation exercise example is to frequency shift
(heterodyne) the base band pulse g(t) up to the desired operating center
frequency of 4.1 GHz. This comprises a simple mixing with or multiplication by a cosine wave centered at the desired frequency of fC = 4.1 GHz.
The frequency-shifted signal is



−0.5 t 2
g0 (t) = exp
cos(2πfC )
u2B

(4.9)
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This appears in the frequency spectrum as
G0 (f ) = exp[−2(π [f ± fC ]uB )2 ]

(4.10)

as seen in Figure 4.13.
The characteristics of G0 (f ) meet our design criteria. At 3.1 GHz and
also at 5.1 GHz, the signal is 20 dB below (a voltage amplitude factor of
0.1) the peak level.
The maximum allowable EIRP of this pulse is found by integrating
the square of G(f ) over frequency, and multiplying the result by the
peak PSD limit permitted under regulations. In practical designs, some
margin must be allowed for spectral peaking due to any regularities in the
modulation of the pulses. In the wideband example, PEIRP = 86 µW, or
−10.6 dBm. Table 4.3 presents a comparison of wide and narrow signal
designs. The peaks of the wideband pulses may be located anywhere
between 4.15 and 9.55 GHz. This meets the 20-dB emission mask corners
at 3.1 and 10.6 GHz. Similarly, the 500-MHz wide pulses may be centered
on frequencies between 3.46 and 10.24 GHz.

g0(t ) amplitude

1

Base band pulse
multiplied by
cos(2πft )
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Figure 4.13 Frequency-shifted pulse and its spectrum.
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Table 4.3 UWB signal design characteristics for a Gaussian envelope pulse.
Pulse type

Bandwidth

Wideband

2 GHz at −20 dB
points
500 MHz at
−10 dB points

Narrowband

Center frequency

Maximum EIRP

4.15–9.55 GHz

−10.6 dBm

3.46–10.24 GHz

−16.6 dBm

In fact, multiple such signals, both of the wideband and narrowband
design, can be accommodated in the 3.1- to 10.6-GHz band.

4.4 UWB System Band Plans
A possible band plan employing the wideband signal design is shown in
Figure 4.14. Five channels, A to E, can be ﬁtted in the 7,500 MHz of spectrum. For systems that need to coexist with various other wireless local
area networks (WLANs) operating between 4.9 and 5.9 GHz, channel B
can be omitted. Table 4.4 lists the channels and their center frequencies.
A possible band plan for the narrowband signal design is shown in
Figures 4.15 to 4.16. Five channels, A to E, can be ﬁtted in the 7,500 MHz
A

B

C

D

E

0

Signal (dB)

−10

−20

−30

−40

1

2

3

4

5

6

7

8

9

10

11

12

Frequency (GHz)

Figure 4.14 A band plan for wideband UWB channels.
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Table 4.4 A wideband signal UWB channel plan.
Channel

Center frequency (GHz)

A
B
C
D
E

4.15
5.50
6.85
8.20
9.55

Notes
WLAN band

1 2

8

16

0

. .

. . .. . .
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Figure 4.15 A band plan for 500-MHz UWB channels.

of spectrum. Sixteen channels, 1 to 16, can be optionally omitted when
there is a need to coexist with various other WLANs operating between
4.9 and 5.9 GHz. Tables 4.4 and 4.5 lists the channels and their center
frequencies. The 2-GHz wide signals in Table 4.4 and the 500-MHz wide
signals of Table 4.5 represent two of the many possibilities for ﬁlling the
UWB spectrum with signal energy. Signal impulses may be positioned in
spectrum, as shown, and also in time as seen in Figure 4.16.
Tables 4.4 and 4.5 show how pulses of the two candidate designs can
appear in the frequency spectrum. They do not address when these pulses
occupy their respective channels. This is a subject of further design choices
that are impacted by factors such as EIRP, data rate, channel multipath
characteristics, and IC process maturity. Pulses on various channels may
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Table 4.5 A narrowband signal UWB channel plan.
Channel

Center frequency (GHz)

Notes

1
2
3

3.460
3.912
4.364

Global

4

4.816

Japan WLAN

5
6

5.268
5.720

US/EU WLAN

7
8
9
10
11
12
13
14
15
16

6.172
6.624
7.076
7.528
7.980
8.432
8.884
9.336
9.788
10.240

Global

be sent in any variety of time-division multiplexing, so channels may be
aggregated to improve EIRP or used to increase system data capacity.
There are a wealth of possibilities (see Figure 4.16 for one example)
in the choice of pulse bandwidths, center frequencies, pulse repetition
frequencies and multiplexing in time. In Figure 4.16, for example, four
frequencies from Table 4.5 are used: channel numbers 1 to 3 and either 4
or 5 depending on what the local regulatory and coexistence requirements
might be. The pulse on each channel is sent once every 18 ns, allowing
moderate multipath to decay. With an average power (see Table 4.3) per
channel of −16.6 dBm, a total EIRP of −10.6 dBm may be emitted when
an aggregate of four channels is used.
While we show only impulse methods here, many methods and schemes
have been proposed in the IEEE 802 Standards forum as candidates for
the radio physical layer (PHY) in the IEEE Project 802.15.3a, including
“conventional radio” methods like OFDM described in Chapter 3.
We had earlier identiﬁed integrated circuit design processes as a consideration in system design choices. Current CMOS processes and techniques
might address the design of RF analog circuits with some degree of
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investigate UWB signal propagation. Our key thought here is that the
decoding of digitally modulated messages can result in errors. The error
performance of modulations under speciﬁc conditions of noise and interference is called modulation efﬁciency. Modulation efﬁciency is a measure
of the signal energy relative to the noise energy for a speciﬁed error rate.
We have described a binary signaling system: Kate raises her right
hand for a “one” and her left hand for a “minus.” We could additionally interpret a “zero” when she raises neither hand. That comprises
three signal states or ternary modulation. Higher levels are possible: Kate
could also signal by winking, nodding, and even shifting seats to represent M different signal states. These are called M-ary state, or level,
modulations.
Developers of UWB impulse technology have perfected various ways
for encoding information for transmissions. Pulses can be sent individually, in bursts, or in near-continuous streams, and they can encode information in pulse amplitude, polarity, and position. Modulations vary from
simple pulse position, to the more energy efﬁcient pulse polarity and to
some very energy-efﬁcient M-ary (multilevel or multistate) modulations.
The following commercially useful UWB impulse modulation techniques exemplify a wide range of implementation possibilities:
1. Pulse Position Modulation (PPM)
2. M-ary Bi-Orthogonal Keying (M-BOK) Modulation
3. Pulse Amplitude Modulation (PAM)
4. Transmitted Reference (TR)Modulation.
4.6.1 PPM Modulation
PPM modulation has been developed in the form of Time Modulation
(TM) [Fullerton 1989] and was introduced by Time Domain Corporation
in the late 1980s. It involves transmitting impulses at high rates, in the
millions to tens of millions of impulses per second. However, the pulses
are not necessarily evenly spaced in time, but rather they are spaced at
random or pseudonoise (PN) time intervals as seen in Figure 4.21.
The process creates a noiselike signal in both the time and frequency
domains. Time coding of the pulses allows for channelization, while the
time dithering, ﬁne pulse position, and signal polarity provide the modulation. UWB systems built around this technique and operating at very low
RF power levels have demonstrated very impressive short- and long-range
data links, positioning measurements accurate to within a few centimeters,

