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ltrawide bandwidth (UWB) signals are commonly defined as
signals that have a large relative bandwidth (bandwidth

divided by the carrier frequency) or a large absolute bandwidth.

The use of large transmission bandwidths offers a number

benefits, including accurate ranging,
robustness to propagation fading, su-
perior obstacle penetration, covert
operation, resistance to jamming, in-
terference rejection, and coexistence
with narrow bandwidth (NB) systems.
On the other hand, generating, receiv-
ing, and processing UWB signals poses
significant challenges that require
new research in signal generation,
transmission, propagation, proces-
sing, and system engineering.

Due to its unique characteristics,
several application areas have emerged
for UWB, including:

i) short-range (< 10 m) commu-

This mathematical
modeling method for
wireless networks is
designed to take into
account propagation
effects and interference
from unwanted
transmissions.

nications with extremely high data rates (up to 500 Mbit/s)—for

example, for wireless USB-like communications between computer

components or wireless links among components of entertainment

systems (DVD player and TV);
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ii) sensor networks, where low-
rate communications are com-
bined with precise ranging and
geolocation;

iii) radar systems, with the ex-
tremely high spatial resolu-
tion and obstacle penetration
capabilities.

UWB radio is a field of research
that is old and new at the same time.
The first UWB signals were generated
in experiments by Hertz in 1887, in
which he generated sparks and radi-
ated them via wide-band loaded di-
poles. At that time, short, wide-band
pulses were the easiest waveforms to
generate. As time went on, the em-
phasis of communications systems
shifted to narrow band carrier-based
(tuned) systems, which were easier to
multiplex with the technology avail-
able at that time. It was only in the
1990s that the improvements in
digital signal processing, and the
invention and investigation of time-
hopping (TH) impulse radio, revived
interest [1], [2]. This interest was
greatly magnified by the decision of
the U.S. frequency regulator, the
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Federal Communications Commis-
sion, to make the frequency band
between 3.1-10.6 GHz available for
unlicensed operation of UWB devices,
subject to certain restrictions on the
spectral emission mask. In subsequent
years, many other countries, like
Japan, Singapore, and the European
Union, approved similar rules. Based
on this new availability of spectrum,
ad hoc standards were released and a
number of products were developed
and are now commercially available,
or will become available soon. This
commercial situation, as well as the
wealth of academic and industrial
research, makes it opportune to have
a Special Issue that surveys the area of
UWB communications and ranging,
covering topics that span from com-
munication theory to chip design to
ranging and localization algorithms.

I. HOW TO GENERATE
UWB SIGNALS

The basics of ultra-wide-band com-
munications theory were a focal point
of research in the 1990s and early
2000s, and have been well documen-
ted in the literature. Creating signals
with very large bandwidth can be
achieved in a number of different
ways (see Fig. 1). Classical approaches

are frequency-hopping (FH), TH, and
direct-sequence (DS), in which the
basic idea is to spread the signal spec-
trum through a proper combination of
the original data stream with user-
specific spreading codes. Another
option is to allow conventional mod-
ulation schemes to work at extremely
high (coded) data rate and, hence,
very large bandwidth. To this purpose,
modulation schemes robust to channel
frequency selectivity, such as orthog-
onal frequency-division multiplexing
(OFDM), are more appropriate, espe-
cially for short-range high-data-rate
applications. Obviously, hybrid solu-
tions, which combine the main fea-
tures of different modulation schemes,
are possible.

More specifically, in FH, different
carrier frequencies are used at succes-
sive time slots according to a user-
specific spreading code; narrow-band
transmission occurs for a time Thop on
carrier frequency f(t;), then at fre-
quency f(t,), and so on. The duration of
Thop can be chosen to be i) smaller than
a symbol duration (“fast hopping™), so
that each symbol is spread over several
carrier frequencies, ii) larger than a
symbol duration (“slow hopping”), so
that several adjacent symbols are
transmitted on the same carrier fre-
quency, or iii) equal to the symbol
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Fig. 1. Principle of FH spreading. FEC: forward error correction. VCO: voltage-controlled
oscillator. s(t): signal in the time domain. S(f): spectrum of the signal.
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duration. The bandwidth occupied by a
frequency-hopped signal is determined
by the range of the hopping frequen-
cies, not by the data rate. A variation of
frequency hopping is chirp signaling,
where the carrier frequency changes
continuously.

DS signals can be generated by mul-
tiplying the original data stream with
a high-rate pseudorandom sequence
(spreading code), resulting in a signal
with a spread spectrum, see Fig. 2. The
bandwidth of the transmitted signal is
determined by the rate of the spreading
sequence, which is typically much
higher than the data symbol rate. The
spreading process can also be seen as a
form of low-rate repetition coding. At
the receiver, the original data symbols
can be recovered by correlating the re-
ceived signal with the same spreading
code used at the transmitter (despread-
ing). The adoption of spreading codes
with properly designed characteristics
in terms of auto- and cross-correlation
allows DS transmission to be robust to
interference, both NB and multiuser,
and to multipath propagation.

TH impulse radio (TH-IR) can be
thought of as dual of the FH tech-
nique. Here, in fact, each data symbol
is associated to a sequence of very
short duration pulses having their
relative positions hopping in time
according to a user-specific sequence.
Due to the short pulse duration, the
spectrum is spread. In principle, the
generation of this “carrier-less” signal
allows for low-complexity and low-
power-consumption transmitter im-
plementation. TH-IR also offers the
possibility of low- complexity nonco-
herent receivers, see Fig. 3. TH-IR
was the first proposed UWB scheme
and has received most of the attention
in the research community.

OFDM creates a wide-band signal
from many narrow-band signals,
whose spectra occupy different parts
of the overall wide-band spectrum.
Specifically, the original bit stream is
split in several parallel low-data-rate
streams, each of them modulating
different parallel carriers (subcar-
riers). The spacing of the subcarriers
is chosen in such a way that the signals
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Fig. 2. Principle of DS code-division multiple-access spreading. s(t): signal in the

time domain. S(f): spectrum of the signal.

belonging to different subcarriers are
orthogonal to each other even though
their spectra overlap. This leads to a
highly spectrally efficient modulation
method. In practice, it is not necessary
to generate the different subcarriers
using a multitude of local oscillators
and modulators, but rather can be
implemented digitally by performing
an inverse fast Fourier transform
(IFFT). The addition of channel cod-

ing schemes enables the receiver to
exploit a high coding gain and take
advantage of channel frequency diver-
sity, and leads to robust performance.

Irrespective of the specific modu-
lation scheme adopted, on their way
from the transmitter to the receiver,
the UWB signal usually goes through a
multipath channel, which leads to a
delay dispersion. This multipath prop-
agation is especially important for
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Fig. 3. Principle of TH impulse radio. s(t): signal in the time domain.

S(f): spectrum of the signal.
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UWB signals due to the large band-
width (for a detailed description of this
effect, see the paper by Molisch in this
issue). A UWB receiver can resolve
(distinguish) multipath components
that are approximately 1/B apart in
the delay domain. Since B is very large,
this implies that the number of multi-
path components, distinguishable by
the receiver, could be very high. This
has advantages with respect to the
robustness of the receiver [3], [4] but
also makes the construction of UWB
receivers more difficult because the
different multipath components have
to be received and processed in some
form. DS and TH-IR can exploit Rake
receivers, which use separate correla-
tors to receive the different multipath
components. Alternatively to Rake
receivers, transmitted reference (TR)
signaling, in conjunction with autocor-
relation receivers, has been proposed
[5]-[7]. TR systems can exploit multi-
path diversity inherent in the environ-
ment without the need for channel
estimation and stringent acquisition.
OFDM receivers, on the other hand,
inherently deal with the multipath
propagation: by distributing the signal
over a number of NB subcarriers, each
subcarrier does not suffer from signif-
icant delay dispersion.

Recently, OFDM-based UWB
technology has been adopted in the
ECMA-368/9 (WiMedia Alliance)
standard for short-range high-data-
rate transmission [8], see Fig. 4. On
the other hand, due to its low-
complexity and low-consumption
characteristics, the TH-IR modulation
scheme has been chosen in the IEEE
802.15.4a standard, which addresses
wireless personal area networks
(WPANS5s) and wireless sensor networks
(WSNs), low-data rate applications with
ranging and localization capabilities
(see the paper by Zhang et al. in this
issue).

II. THE PAPERS IN THIS
SPECIAL ISSUE

The papers in this Special Issue can be
grouped into three parts: i) theory
and implementation of transmission
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Fig. 4. principle of OFDM. IFFT: inverse fast fourier transform.
s(t): signal in the time domain. S(f): spectrum of the signal.

technology; ii) channels, antennas,
and hardware; and iii) geolocation
and radar. The papers range from tu-
torial expositions to detailed descrip-
tions of recent research work. In the
spirit of the PROCEEDINGS OF THE
IEEE, the choice of topics is intended
to stimulate interest for UWB in a
wide variety of research communities.
We also mention that a number of in-
troductory papers and monographs have
been published in recent years [9]-[14].

A. Theory and Implementation of
Transmission Technology
In a wireless network composed of
many spatially scattered UWB nodes,
it is important to characterize the
accumulation of signals radiated by
the various transmitters, which can
undesirably affects receiver nodes in
the network. The paper “A Mathe-
matical Theory of Network Interfer-
ence and Its Applications,” by Win et al.
introduces a unifying mathematical
framework for the characterization of
network interference in wireless sys-
tems. The utility of this framework is
illustrated with applications: 1) inter-
ference in cognitive radio networks,
2) interference in wireless packet net-
works, 3) spectrum of the aggregate
radio-frequency emission of wireless
networks, and 4) interference between
UWB and NB systems.

One key aspect of UWB systems is
their coexistence with other systems.

This is possible if the mutual interfer-
ence has a small impact on their
respective performances. The paper
“Coexistence Between UWB and
Narrow-Band Wireless Communica-
tion Systems” by Chiani et al. presents
recent results on the interference and
coexistence among UWB systems and
other conventional NB systems. Both
IR-based and OFDM-based UWB sys-
tems are considered, in wireless
channels including thermal noise and
multipath, for a finite number of in-
terferers. With the aim of focusing on
fundamental issues, the paper treats
1) the effect of NB interfering signals
on UWB-IR receivers; 2) the effect of
NB interfering signals on UWB-
OFDM receivers employing forward
error correcting (FEC) codes; 3) the
effect of UWB-IR interfering signals
on NB receivers; and 4) the effect of
UWB-OFDM interfering signals on
NB receivers. The paper further dis-
cusses where and when it is possible to
approximate the interfering signals
with simpler signals (e.g., tones,
Gaussian processes, train of Dirac-
delta impulses) to derive simple error
probability expressions that provide
useful insights for system design.
UWB located in the
same coverage region will experience
multiple-user interference (MUI), and

systems

the mitigation of such MUI is an
important issue for the design of ro-
bust receivers. In “Designing Time-

Scanning the Issue

Hopping Ultrawide Bandwidth Re-
ceivers for Multiuser Interference
Environments,” Beaulieu and Young
consider the unique characteristics of
interference in time-hopping UWB
systems and summarize recent work
on the topic. Several statistical models
for time-hopped UWB MUI are pre-
sented, motivating novel receiver de-
signs for environments where MUI is
significant. Several of these receivers
have adaptive implementations that
effectively cope with MUI, multipath
fading, and additive white Gaussian
noise, providing significantly lower
error-rate floors in comparison to the
conventional linear receiver.

While UWB by itself can already
provide high data rates, further in-
creases to 1 GBit/s and beyond may be
achieved by employing multiple-input
multiple-output (MIMO) techniques
via the use additional antennas. This
topic is explored in “An Overview of
Ultra Wideband Systems with MIMO”
by Kaiser and Zheng. It is shown that
the special fading statistics and the
frequency-dependent path loss make
the capacity expressions of MIMO-
UWB systems more involved than for
the NB case. Instead of higher data
rates, multiple antennas can be used to
increase range through beamforming.
The mechanisms for beamforming are
different from the NB case, and con-
ditions are given for the optimal
beamformer. With this beamformer,
the strength of the side lobe becomes
independent of the ray incidence
angle.

In recent years, there has been a
great interest in WSNs as well as
WPANSs.
works pose several design constraints

These low-data-rate net-

in terms of cost, energy consumption,
and stringent ranging accuracy to
enable localization-based services.
IEEE802.15.4a is an emerging stan-
dard that defines a UWB IR-based
low-data-rate WSN/WPAN specifica-
tion to provide robust communica-
tions and precise ranging between
devices. The paper “UWB Systems
for Wireless Sensor Networks” by
Zhang et al. first discusses the various
ways of designing UWB-based sensor
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networks and discusses the advan-
tages and drawbacks of different
spreading technologies and multiple-
access methods in this context. The
paper then gives a tutorial overview of
the IEEE802.15.4a standard with
particular attention to its adoption
for WSNs. The main functionalities
are described by outlining the inno-
vative design criteria of the physical
layer and precision two-way ranging
schemes, with special treatment for
security ranging.

B. Channels, Antennas,

and Hardware

Many applications that UWB technol-
ogies are targeting require battery
operated or even batteryless devices,
and therefore energy-efficient imple-
mentation is critical for the successful
penetration of the technology. The
paper “Low-Power Impulse UWB
Architectures and Circuits” by
Chandrakasan et al. addresses many of
the low power implementation chal-
lenges from both the system architec-
ture to circuit-level design techniques.
In particular, the paper presents two
custom impulse UWB systems that are
suitable for high- and low-data-rate ap-
plications, respectively. In the 100 Mb/s
high-rate system, parallelism is applied
to allow the use of energy-efficient
architectures and aggressive voltage
scaling. The low-rate system has an all-
digital transmitter and a receiver with a
low-voltage radio frequency and local
oscillator-free analog circuits. The de-
sign also takes advantages of the low
duty cycle nature of impulse radio to
achieve energy saving.

In order to build systems that
realize the potential of UWB, it is
required to understand UWB propa-
gation and the channel properties
arising from this propagation. Ob-
viously, the absolute performance
of a given system depends on the
channel—the path gain is one, but
certainly not the only, example of a
propagation effect that determines
whether a system can perform satis-
factorily. The paper “Ultra-Wide-Band
Propagation Channels” by Molisch
first discusses the multipath propaga-

tion and the distortions each multi-
path component suffers, stressing the
differences with NB propagation. The
paper also describes channel models,
both deterministic and stochastic, and
describes the typical model parameter
values based on realistic channel
measurements.

The paper “Ultra-Wide-Band An-
tennas” by Wiesbeck et al. introduces
the basic principles of UWB radiation
and discusses the influence of antennas
on UWB transmission. Antennas are
essential elements, especially in UWB
systems. Not only beam width, gain,
and side-lobes, but also their peak
amplitude, width of pulses, ringing,
and spatial correlation are of major
interest. There are several generic ideas
for the development of UWB antennas
like traveling wave, frequency inde-
pendence, multiple reonance, or elec-
trically small configurations. In this
issue, the basic principles are discussed
and measurement results presented for
the different UWB antenna types. For
dedicated applications, the antennas
have to be selected according to the
required features.

C. Geolocation and Radar
UWB systems are inherently well
suited for accurate ranging, and con-
sequently high-precision geolocation,
since the use of extremely large
transmission bandwidths results in
fine delay resolution. The paper
“Position Estimation via Ultra-Wide-
Band Signals” by Gecizi and Poor
reviews the issue of geolocation. It
starts by describing the various types
of UWB signals, and the various ways
of range estimation [signal strength,
direction-of-arrival (DOA), time-of-
arrival (TOA), and time-difference-
of-arrival]. The authors then describe
how to get position estimates from
range estimates, and furthermore dis-
cuss the factors influencing the
achievable accuracy, including noise,
signal distortion on the channel,
UWB signal design, and hardware
implementation.

The paper “Ranging with Ultra-
wide Bandwidth Signals in Multipath
Environments” by Dardari et al. de-
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scribes the challenges and perfor-
mance limits in time-based ranging
using UWB signals in a variety of
environments. The paper first pro-
vides an overview of error sources in
time-based ranging, including propa-
gation, clock drift, and interference. It
then goes on to quantify ranging
performance limits via Cramer—Rao
bounds and Ziv—Zakai bounds. Fur-
thermore, the paper discusses optimal
and practical TOA estimators and
analyzes their performance in the
presence of multipath, interference,
and under bandwidth limitations. Re-
sults are presented for both ideal
propagation environments and for re-
alistic conditions using IEEE 802.15.4a
channel models as well as measured
data. Future research directions in this
area are also discussed.

In the high-
definition location-aware applications

coming years,

capable of operating in harsh propa-
gation environments, where current
technologies such as GPS typically
fail, will play a fundamental role.
Cooperation between nodes can be
harnessed to improve the localization
accuracy and reduce outages, espe-
cially in scenarios where a dedicated
infrastructure is not available. In the
paper “Cooperative Localization in
Wireless Networks,” Wymeersch et al.
give an overview of cooperative local-
ization approaches and apply them to
UWB wireless networks. They present
a powerful localization algorithm by
mapping a graphical model for statis-
tical inference onto the network
topology, which results in a network
factor graph, and network message
passing. The performance of the
resulting distributed algorithm is eval-
uated based on realistic UWB ranging
models developed through an exten-
sive measurement campaign with
FCC-compliant UWB radios.

In “Ultra-Wide-Band Radar” by
Jofre et al., microwave tomography is
discussed, which is an interesting
research area not only for medical
applications but also for material
testing, localization, and so on. Mi-
crowaves have the advantage of good
material penetration and of being less



harmful than other technologies, e.g.,
x-ray, but they have the disadvantage
of the by far longer wavelength. The
longer wavelength requires sophisti-
cated antenna configurations, usually
multidimensional or scanning struc-
tures. This in turn requires dedicated
imaging algorithms for focusing on
the areas of interest. A general
framework based on a UWB bifocus-
ing operator with good tomographic
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