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To model and design effective UWB systems it is important to understand the

distortions in each multipath component, and to be able to extract and measure

channel parameters.
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ABSTRACT | Understanding ultra-wide-band (UWB) propaga-

tion channels is a prerequisite for UWB system design as well as

communication-theoretic and information-theoretic investiga-

tions. This paper surveys the fundamental properties of UWB

channels, pointing out the differences to conventional chan-

nels. If the relative bandwidth is large, the propagation

processes, and therefore path loss and shadowing, become

frequency-dependent, and the well-known wide-sense station-

ary uncorrelated scattering model is not applicable anymore. If

the absolute bandwidth is large, the shape of the impulse

responses as well as the fading statistics change. This paper

also describes methods for measuring UWB channels and

extracing channel parameters. Throughout this paper, the

relationship between channel properties and other areas of

UWB research are pointed out.

KEYWORDS | Channel model; propagation; ultra-wide-band
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I . INTRODUCTION

There is a general trend in wireless communications to

increase the bandwidth occupied by the employed signals.

This trend is caused on one hand by the constantly in-

creasing demand for data ratesVwhile 10 kbit/s is suffi-
cient for speech communications, new applications like

video-on-demand require 10 Mbit/s and more. On the

other hand, multiple-access schemes like code-division

multiple access (CDMA) require signals with larger band-

width in order to achieve advantages like robustness to

fading, improved multiple-access capabilities, and immu-
nity to interference. Ultra-wide-band (UWB) radio

pushes this trend to the limit by occupying bandwidths

of 500 MHz or more (UWB with large absolute bandwidth)

and/or using a bandwidth that is 20% or larger than the

carrier frequency (UWB with large relative bandwidth).1

UWB systems can thus exploit the advantages of large

bandwidths to the hilt.

UWB communications has gathered great interest from
the academic research community and the industry,

especially in the last 15 years. This interest is due to a

confluence of factors:

i) theoretical breakthroughs, especially the intro-

duction of time-hopping impulse radio by Win

and Scholtz in the early 1990s [1]–[3];

ii) new frequency regulations, in particular the 2002

decision of the Federal Communications Com-
mission in the United States, that allow the

unlicensed operation of UWB radios in the

microwave range [4];

iii) advances in digital and analogue circuitry that

made generating and processing of UWB signals

feasible at a reasonable price;

iv) the development of new applications that re-

quired the unique features that UWB signals offer,
e.g., extremely high data rates (500 MBit/s for

wireless USB) [5], precise ranging and geoloca-

tion (for many sensor networks) [6], and covert

high-data-rate communications (e.g., for military

video transmission).

These developments in turn resulted in more than 5000

research papers on the topic, as well as the development of

several communications standards based on UWB technol-
ogy; for an overview and further references, see [7]–[10],

as well as the other papers of this Special Issue.
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As with any other communications system, the ulti-
mate limits of UWB communications are determined by

the propagation channel in which the system operates.

Furthermore, the performance of any practical system is

determined by the channel, and the design, testing, and

improvement of the system hinges critically on our un-

derstanding of the propagation channels. However, three

questions are habitually asked of UWB propagation

researchers.
• Why can’t we use the existing insights and models for

propagation channels? After all, thousands of papers
have been published in the area of wireless propaga-
tion. The main answer is BUWB channels behave in

a way that is fundamentally different from conven-

tional channels[ (the basics of the differences will

be explained in Section II). The differences can be

due to the large absolute and the large relative
bandwidth. This answer immediately gives rise to a

follow-up question.

• Why is a UWB propagation channel different from a
Bnormal[ channel? After all, a channel is a channelV
it should not depend on the system operating in it.
The first answer to this question is Bin principle

this is correct.[ However, propagation research is

Bthe art of the relevant.[ Wireless propagation is
an extremely complicated process, and it is almost

impossible to find, experimentally or theoretically,

completely general descriptions and models.

Rather the models concentrate on the effects that

are relevant for specific systems. For example, the

impulse response of UWB channels can be

Bsparse[, i.e., characterized by a few spikes

separated by times during which no significant
energy arrives. This effect is a fundamental

property of the channel, related to the location of

scattering objects in space. However, in narrow-

band systems it can beVand has beenVignored:

the bandpass filters in the system Bsmear[ the

signal, so that the sparseness of the impulse

response is not relevant for the system. In UWB,

on the other hand, the filters is wider, and thus the
effect remains pertinent for the signal processing.

Sections IV–VI will describe more examples.

• Why do we care? Just build the system and try it outV
this in any case is more accurate than measuring and
modeling propagation channels and simulating system
performance based on the models. The answer to this

argument is twofold. i) A constant cycle of

redesign-field testing is an exceedingly expensive
way of building communications systems. Espe-

cially for standardized systems such an approach is

well-neigh impossible. ii) Even when test results

show that a system does not work well in a given

environment (propagation channel), this does not

immediately explain why the problems happen. A

detailed understanding of the channel and its

interaction with the system, on the other hand,
creates insights into possible solutions. One of the

key goals of this paper is to point out the inter-

action between channel characteristics and system

design and relate the propagation work to all the

other research areas covered in this Special Issue.

UWB propagation research has been active for many

years. Theoretical investigations into the interaction of

short electromagnetic pulses with canonical objects have
been performed since the beginning of the twentieth cen-

tury [11]. However, this theoretical work was not applied

to the simulations of typical wireless scenarios until the

beginning of the current century [12]. Furthermore,

measurements of UWB propagation channels were per-

formed only in the late 1990s, and the first papers on

statistical UWB channel models appeared only in 2001

[13]. During the last 10 years much progress has been
made, though the basis of measurements on which our

understanding and model parameterization is built is still

somewhat tenuous.

The remainder of this paper is organized as follows.

Section II covers the basic propagation phenomena in

UWB channels. Next, we describe how to measure UWB

channels. Sections IV and V cover the large-scale and

small-scale behavior of UWB channels, respectively. An
overview about deterministic channel prediction and

statistical channel models follows. A summary and con-

clusions wrap up this paper. Consistent with the purpose

of the Proceedings of the IEEE, this paper aims to give a

broad overview about the particularities of UWB propaga-

tion and its interaction with other disciplines. More

detailed investigations for the specialists can be found in

the references, and in particular in the recent monograph
[14] and the review papers [15]–[17].

II . FUNDAMENTALS OF
UWB PROPAGATION

A. Multipath Propagation
A fundamental mechanism in wireless propagation is

multipath propagation, i.e., the fact that the signal can get

from the transmitter (TX) to the receiver (RX) via different

paths and interactions [18], [19]. In order to understand

this phenomenon, it is helpful to represent the electro-

magnetic field emitted by the transmit antenna as a sum of

components that are sent into different directions (in

classical propagation the components are narrow-band

homogeneous plane waves, but other representations are
possible too). Each of the components now propagates in

space and might be reflected, diffracted, or scattered by

objects (mountains, houses, trees, walls, furniture) in the

environment, see Fig. 1. Each interaction process can

change the direction of the components, and some

interactions (like diffraction) might even split up the

components into multiple new components. Components
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can take different paths, i.e., interact with different objects,

before arriving at the RX antenna, and are thus called

multipath components (MPCs).
Depending on the path that an MPC takes, it has a

certain delay (equivalent to the length of the path that it

took divided by the speed of light), attenuation, and di-

rection of arrival. In conventional propagation research, it

is assumed that interaction with environmental objects

only leads to a change of direction and an attenuation of

the MPC. Therefore, the signal arriving at the receiver is

the sum of scaled and delayed replicas of the transmit
signal and the impulse response hð�Þ of the channel is

(in equivalent baseband notation [18, ch. 6])

hð�Þ ¼
XN

i¼1

ai�ð� � �iÞ (1)

where ai and �i are the gain and delay of the ith MPCs,

respectively. Since TX, RX, and the interacting objects
can move, the parameters in (1) are time variant; for ease

of notation we do not explicitly write down this

dependence. It is noteworthy that (1) can be interpreted

in two ways: i) in a purely mathematical way, where we

let N go to infinity (and the powers of each wave might

become infinitesimally small), so that any arbitrary

function hð�Þ can be represented; and ii) in a physical

way, where there is only a finite number of plane waves,
where each wave really corresponds to a wave reflected

from a faraway object. In this case, the right-hand side of

(1) is only an approximate description, which ignores

contributions from diffuse scattering, parts of diffracted

waves, etc. [20]–[22].

Equation (1) also neglects another effect that can be
especially important for UWB channels: all the interaction

processes between MPCs and objects are frequency-

dependent; for example, the reflection coefficient of tem-

pered glass changes from 0.9 to 0.65 as the frequency

changes from 7.5 to 10.5 GHz [23]. Therefore, the impulse

response of a single MPC is not a Dirac � function but

rather a distorted pulse �ið�Þ, where the distortion de-

pends on the interactions that the MPC experiences on the
way from the transmitter to the receiver.2 The impulse

response of the channel is consequently

hð�Þ ¼
XN

i¼1

ai�ið�Þ � �ð� � �iÞ (2)

where � denotes convolution.

The discussion up to now has been about propagation

channels only but has ignored the characteristics of sys-
tems operating in that channel. For a further discussion we

need to keep in mind that every system, including UWB,

has a finite bandwidth B. As a consequence, the impulse

response (1) and (2) is convolved with the impulse re-

sponse of the system filter. A simplified but intuitive pic-

ture divides the time (delay) axis into Bresolvable delay

bins[ of length 1=B, where all contributions falling into

one such bin cannot be resolved and are thus simply
superposed (added up). The interaction of MPCs falling

into the same delay bin gives rise to small-scale fading. In

other words, the MPCs sometimes add up in a constructive

way, and sometimes in a destructive way, depending on the

relative runtimes (phases) of the MPCs. Moving TX or RX

by a small distance (less than a wavelength) can turn de-

structive into constructive adding-up and vice versa. If a

large number of (approximately) equally strong compo-
nents fall into one bin, the central limit theorem becomes

applicable, and the probability density function (pdf) of

the complex amplitudes become complex Gaussian. This in

turn implies that the pdf of the absolute amplitude become

Rayleigh, and the pdf of the received power becomes a one-

sided exponential (see, e.g., [18, ch. 5]).

Let us next elaborate on the distinction between UWB

system with large absolute bandwidth (UWB-ABS) and
UWB systems with large relative bandwidth (UWB-REL).

Let a system occupy the frequency band from fc � B=2 to

fc þ B=2. Then B is the absolute bandwidth and B=fc is

2Keep in mind that each MPC is weighted with the complex antenna
pattern in the direction that the MPC is departing (from the TX) and
arriving (at the RX), which introduces amplitude scaling and phase shifts.
If the complex antenna pattern is frequency-dependent, as is often the
case for UWB antennas, then �ið�Þ represents the convolution of the
MPC distortion in the channel with the pulse distortions and weighting at
the TX and RX antennas in the direction of the MPC. Furthermore, the
distortions experienced by a pulse during a scattering process in the
channel also depend on the direction at which the pulse is incident on
scattering objects, and might thus be related to the angles at which it
leaves the TX antenna and arrives at the RX antenna.

Fig. 1. Principle of multipath propagation.
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the relative bandwidth, where fc is the carrier frequency.

As mentioned in the Introduction, a system is called

UWB-ABS when B > 500 MHz and is called UWB-REL

when B=fc > 20%. It is also important to note that a
system can be simultaneously UWB-ABS and UWB-REL;

when we speak in the following of a UWB-ABS system,

we mean one that is not UWB-REL. Fig. 3 compares the

channel impulse responses hKðtÞ, system filter responses

hsðtÞ, and the composite impulse responses hðtÞ for UWB-

ABS and UWB-REL systems to conventional narrow-band

systems. Also shown are the corresponding transfer func-

tions, i.e., the Fourier transforms of the impulse responses.
Thus, as the system bandwidth increases, the following

cases can be distinguished (Fig. 3).

• Narrow-band systems: these systems have such a

narrow bandwidth that all MPCs fall into a single

resolvable delay bin. In other words, the maximum

excess delay �max G 1=B; see bottom part of Fig. 3.

• Wide-band systems: the bandwidth is large enough

that several delay bins contain MPCs. Each delay
bin contains multiple MPCs, leading to fading of

each separate bin. Averaging the squared magni-

tude of the impulse response over the small-scale

fading gives the power delay profile (PDP). The

most common model for the PDP is a single-

exponential decay (see [18, ch. 7]). The impulse

response is described by (1).

• UWB-ABS: when the absolute bandwidth of a
system becomes very large, new phenomena

occur. i) The number of MPCs falling into each

resolvable delay bin decreases; therefore the fad-

ing statistics are not necessarily Rayleigh anymore.

Fig. 2 shows an example of the fading statistics

of a group of reflected MPCs with 100 MHz and

7.5 GHz bandwidth. ii) Not every resolvable

delay bin contains MPCs, so that delay bins con-
taining MPCs are interspersed with Bempty[ delay

bins.3 The resulting PDP is called Bsparse.[ The

bandwidth required for these phenomena to occur

depends on the environment and need not coin-

cide with the 500 MHz bandwidth that form the
Bofficial[ boundary between wide-band and ultra-

wide-band systems. The impulse response of UWB-

ABS channels is approximately described by (1).

• UWB-REL: in these systems the duration (support)

of the pulse distortion �ið�Þ can become larger

than the binwidth (BW) 1=B. Consequently, the

pulse distortion becomes noticeable and has to be

taken into account for the channel description; in
other words (2) has to be used.4 The top part of

Fig. 3 shows that each separate pulse in the im-

pulse response hKðtÞ is distorted, and the filtering

by the system filters hcðtÞ does not change this fact

significantly.5 When considering the transfer func-

tion, we also find that UWB-REL systems exhibit a

frequency dependence of large-scale fading and

path gain. This phenomenon can be explained by
the fact that frequency components with signifi-

cantly different frequencies Bsee[ different envi-

ronments, since the effect of an object depends on

Fig. 2. Cumulative distribution function of signal amplitude of MPCs with approximately 50 ns excess delay in

an outdoor scenario (gas station) of [24]. Solid curve: empirical cdf. Dashed line: Rician fit. Dotted line: Rayleigh fit.

3To be more exact, it has been found that not every resolvable delay
bin contains discrete (plane wave) MPCs, while there still might be diffuse
contributions in all delay bins. Furthermore, by Bempty[ delay bins, we
mean such bins that contain no discrete MPCs and significantly less
energy than other, surrounding delay bins on average, i.e., the low energy
level is not a result of an instantaneous fading state. Finally, we note that
the obervability of empty delay bins depends essentially on the
measurement SNR.

4Note again that UWB systems with large absolute BW can have a large
relative BW. Furthermore, there can also be systems with large absolute, but
small relative, BW, in which pulse distortion becomes relevant (e.g., if there
is a sharp resonance or absorption line of a material in the room). In all of
those cases, the more general description (2) must be used.

5For a UWB-ABS system (with a small relative bandwidth), the shape
of the pulses in the total (filtered) impulse response is determined by the
receive filters only; in other words, the pulse distortion shape �ð�Þ falls
into one delay bin, so that the distortion is not noticeable after filtering.
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its size in units of wavelength. For example, a signal

component in the 100 MHz range can easily dif-

fract around a car, while a signal component in the
5 GHz range is blocked by it. As a consequence of

the frequency-dependence of the path gain, the

wide-sense stationary uncorrelated scattering

(WSSUS) model [25] cannot be applied; WSSUS

requires that the fading statistics (including the

mean power) are independent of the absolute fre-

quency. Another interesting effect in UWB-REL

systems is that the delay of the MPCs changes more
than 1=B as TX or RX moves over several wave-

lengths [26],6 which is the region from which

Bsmall-scale fading[ statistics are extracted.7 As a

consequence, the channel statistics need not be
stationary over this regionVanother reason for the

breakdown of the WSSUS assumption.

B. Path Gain and Large-Scale Fading
Two other important phenomena in wireless propaga-

tion are path gain and large-scale fading. By large-scale
fading, we mean that the strength of an MPC shows varia-

tions as the TX(RX) moves over distances that are larger
than, say, 10�, which is the typical small-scale averaging

area.8 The large-scale variations are caused by obstacles

shadowing off (attenuating) the MPC, and are thus distinct

from the small-scale fading that is caused by interaction
between different MPCs. The effect of the shadowing is

that the receiver power (averaged over the small-scale

area) in areas that are at the same distance from the trans-

mitter (and thus have the same path loss; see below) shows
random variations. It has been shown in many measure-

ments that for narrow-band channels, the probability den-

sity function of the received power is well approximated by

lognormal distribution. Recent measurements also indi-

cate that this remains true also for UWB channels.

The path gain Gpr describes the ratio of the received

power Pr to the transmitted power Pt, averaged over both

the small-scale and the large-scale fading. In this paper, we
talk about path Bgain[ because a gain is properly defined as

a ratio of received power to transmit power; note, how-

ever, that this gain is always smaller than unity (on a linear

scale): the received power cannot be larger than the trans-

mit power.9 Path gain decreases with distance mainly due

to the Bthinning out[ of the energy of emitted waves as

they spread over a larger and larger area. We also note that

it is common to write the received power and the path gain
on a logarithmic scale, i.e., in decibels: Gpr;dB¼10 logðGprÞ,
Pr;dB ¼ 10 logðPrÞ.10 However, we stress that the averaging

of the received power over the fading must be done on a

linear scale (not in decibels).

Fig. 4 shows the distinction between small-scale fading,

large-scale fading, and path gain.

The path gain, together with the transmit power and

the minimum admissible receive power (which in turn
depends on the actual system design), largely determines

the Bcoverage[ of a system, i.e., the distance between TX

and RX for which the communication is working satis-

factorily. However, an additional safety margin is required

becauseVdue to fadingVthe received signal quality can

very greatly with location, even if the distance between TX

and RX is constant. Assume now that a RX needs a power

6To be exact, we mean here wavelengths corresponding to the
frequency at the lower band-edge; see also Section III-C.

7Conventional channel modeling assumes that MPCs stay within the
same delay bin but minuscule changes of the delay occur and change the
phase relationship between the MPCs and thus the fading.

8Note that the separation of large-scale and small-scale fading in
UWB-REL channels is more difficult than in the narrow-band case because
the conventional definition of the small-scale area (10�) depends on the
considered frequency. Finding the correct averaging areas is an important
but subtle, and largely unresolved, issue.

9The inverse of the path gain, i.e., Pt divided by the average Pr, is
denoted as Bpath loss.[

10On a logarithmic scale, the path gain and path loss have the same
absolute value; path gain is a negative quantity, path loss is positive.

Fig. 3. UWB with large relative BW, and UWB with large absolute BW,

and narrow-band system in time and frequency domain. hKðtÞ . . .

impulse response of the channel alone; hSðtÞ . . . impulse response of

the receiver filter; hðtÞ . . . impulse response of the channel-receiver

filter composite; HðfÞ . . . Fourier transform of hðtÞ.
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Pth to function satisfactorily. Then in a fading environment,

the mean receiver power has to be Pt þ mf and the fading
margin mf is chosen in such a way that the actual received

power is greater than Pth in a certain percentage (typically

95%) of all locations. Clearly, the stronger the signal varia-
tion due to fading, the larger the fading margin has to be. In a

UWB system, the fading margin is typically very small: first,

the fading in each resolvable delay bin is less pronounced

than in a conventional system (see Section V-B). Secondly,

the larger number of resolvable MPCs offers a high degree of

diversity: the probability that all those MPCs are in a fading

dip simultaneously is extremely small.

C. UWB Communications Systems
In the following sections, we will extensively discuss

the impact of UWB channels on UWB systems. We there-

fore give in this section a very brief summary of UWB

transmission techniques and the associated transceivers.

We can distinguish two general classes of transmission

systems: time-domain (including time-hopping impulse

radio and direct-sequence CDMA) and frequency-domain
techniques [including orthogonal frequency division mul-

tiplexing (OFDM)], multiband techniques, and frequency-

hopping). Following the mandate of the frequency

regulators, this section (as well as the rest of this paper)

deals only with carrier-based (also known as passband)

systems. Pure baseband systems, as suggested, e.g., in

[1]–[3], are not treated.

Time-domain techniques represent each transmitted
symbol by one or more very short pulses; each of the pulses

occupies the whole bandwidth assigned to the system. The

simplest possible time-domain system is one where each

pulse carries one data symbol. The duration of the pulse

determines the bandwidth of the system, while the spacing

between the pulses determines the data rate. Such a system

is sufficient to point out some of the key effects of UWB

channels on system designs.11 The receiver for such a
transmission scheme is based on a Rake receiver [27], i.e.,

a bank of matched filters/correlators; each correlator is

responsible for receiving the pulses carried by one MPC. In

the case of a single-pulse transmitter, each correlator just

Bgates on[ when its MPC arrives and Bgates off[ after one

pulse duration. The outputs from the correlators are then

phase-adjusted so that can be added up in a constructive

way. A channel characteristic that greatly impacts time-
domain transmission techniques is the number of resolv-

able MPCs; it is not important when exactly those MPCs

arrive.12 A Rake receiver needs one correlator for each

MPC it wishes to receive; therefore in a channel with a

large number of MPCs, a receiver either needs a large

number of correlators (which increases cost and energy

consumption) or has to ignore some of the arriving MPCs,

which reduces the total Buseful[ receive power [28].
In frequency-domain techniques the available band-

width B is divided into a number of narrower bands, and

symbols are transmitted, either in parallel or consecu-

tively, in the different bands. The most popular such

technique is OFDM, where the subbands are spaced very

closely together. OFDM systems usually have a guard

interval that compensates for the delay of MPCs as long as

that delay is shorter than the guard interval. For this rea-
son, the delay spread or delay window (how much energy

arrives with how much delay) is the most important

quantity; the number of resolvable MPCs plays a minor

role for system performance.

III . CHANNEL MEASUREMENTS

A. Time-Domain Versus Frequency-Domain
Measurements

The characteristics of UWB channels can be measured

in either the time domain or the frequency domain, i.e., we

measure either the impulse response hð�Þ or the transfer
function HðfÞ. While the results are theoretically equiva-

lent and can be Fourier-transformed from one domain to

the other, the practicalities of the measurement ap-

proaches are quite different [29].

The simplest time-domain measurement excites the

channel by a short pulse, and the signal arriving at the

receiver is recorded, e.g., with a sampling oscilloscope [30],

[31]. The technique is conceptually simple but in practice it
can be difficult to generate pulses that i) are short, ii) do not

exhibit significant ringing, and iii) sufficiently high-

powered that measurements can be made even in the

11Such a scheme would not be viable in a multiuser environment; a
better method is time-hopping impulse radio [1]–[3].

12Specific arrival times of the MPCs matter only when the maximum
excess delay, i.e., the time between the arrival of the first and the last
significant MPC, becomes comparable to the symbol duration. In that case
intersymbol interference becomes relevant, and the receiver has to
contain an equalizer.

Fig. 4. Types of receive power variation: path loss,

large-scale fading, and small-scale fading.
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presence of small path gain (i.e., strong attenuation). Sev-

eral of these problems can be solved by employing corre-

lative channel sounders [32], [33]. In correlative sounders,

the transmitter sends out a wide-band signal with low peak-

to-average signal ratio (which is easier to generate than a

short pulse containing the same amount of power), and the
receiver forms the cross-correlation of the received signal

with the transmit signal. If the autocorrelation function of

the transmit signal approximates a delta function, then the

cross-correlation at the receiver is a good approximation to

the impulse response [34]. However, it is worth remem-

bering that the delay resolution of such a system is deter-

mined by the bandwidth of the transmit signal, and

generating a suitable wide-band signal with good autocor-
relation properties can be even more daunting than gener-

ating short high-energy pulses.

Measurements in the frequency domain can be most

easily done by means of a vector network analyzer (VNA);

see Fig. 5. Those devices measure the transfer function by

exciting the channel with a slowly frequency-sweeping (or

stepping) sinusoidal waveform. VNAs are already available

in many laboratories and can usually perform measure-
ments over a large bandwidth. On the downside, each

measurement sweep takes a significant amount of time

(several seconds to several minutes, depending on mea-

surement bandwidth and VNA model).

When deciding between time-domain and frequency-

domain measurements, the following points are worth

considering.

• Frequency-domain measurements tend to utilize
excitation signals whose shape can be more easily

controlled as the signal bandwidth becomes ex-

tremely largeVin other words, vector network

analyzers with 10 GHz bandwidth have transmit

signals that are closer to the ideal waveform (swept-

or stepped-frequency sinusoid) than the signal

waveform of a pulse generator is to the ideal wave-

form (rectangular, Gaussian, or raised-cosine pulse).
• Inherent noise averaging in frequency-domain

measurements leads to a better SNR (time-domain

measurements can also improve the SNR by ave-
raging over repeated measurements).

• Frequency-domain measurements take much lon-

ger time, thus making large-scale measurement

campaigns more difficult and rendering measure-

ments of fast time variations (e.g., due to passing

people or cars) impossible.

• VNA measurements and time-domain measurements

that provide information about absolute delays need
a cable connection or highly accurate clocks

(frequency standards) to provide trigger information.

Frequency-domain measurements with scalar net-

work analyzers [35] as well as time-domain mea-

surements with self-triggered oscilloscopes avoid

this requirement but lose some information.

B. Calibration and Antenna Issues
The measurements discussed in the previous section

give the impulse response or transfer function of the com-

bination of i) the true propagation channel, ii) the transmit

and receive antennas, and iii) the measurement devices

themselves. Since we are usually interested in the charac-

teristics of the propagation channel alone, device and

antenna characteristics need to be calibrated out.

Calibration of the measurement equipment alone is
fairly straightforward. VNAs use a standard calibration

procedure, so that the transfer function is unity when TX

and RX are directly connected by cables. Similarly, we can

calibrate time-domain measurement devices by measuring

the impulse response when TX and RX are connected via

cable and then offline eliminating this impact from the

measurement results.

Elimination of the antenna effects is much more diffi-
cult. UWB antennas have complex antenna patterns that

vary with frequency as well as direction [36]; furthermore,

the frequency dependence of the gain might be different

for each considered direction [31], [37]. In other words, an

MPC is both attenuated and distorted by the antenna, and

the attenuation and distortion depend on the direction of

the MPC. Thus the effect of the antenna on the transfer

function (or impulse response) can only be undone if the
directions of the MPCs are extracted from suitable mea-

surements [38]. Such directional measurements, as we will

see in the next section, are complicated and can give rise to

additional errors; to keep those errors small, the frequency

dependence of the antenna patterns should be as small as

possible.

Because of those practical difficulties, many measure-

ments in the literature do not perform an antenna cali-
bration at all, i.e., they present measurement results for

the concatenation of a specific antenna with the channel

that they have measured. Other papers perform an approx-

imate calibration, ignoring the frequency dependence of

the antenna patterns. When interpreting measurement

results, it is very important to keep in mind what calibra-

tion procedures have been used.

Fig. 5. Typical measurement setup for frequency-domain

measurements.
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C. Directional Measurements and Parameter Extraction
Directional information about MPCs is required for cali-

brating out antenna effects, as discussed above. Furthermore

this information is also vital in the context of multiantenna

systems. Directional information is usually obtained from

antenna array measurements, i.e., measurements by a num-

ber of closely spaced antennas. The measurements can be

done either with a real array [39] or a synthetic array, i.e., a

single antenna mechanically moved to different positions.
The location of the antennas (measurement points) should

be spaced at most �=2 apart, in order to avoid ambiguities of

the measured directions of arrival [40]. For UWB, unam-

biguous resolution of the directions at all frequencies re-

quires that the measurement points are at most �u=2 apart,

where �u is the wavelength at the upper band-edge.

Array measurements allow the extraction of the

parameters (including directions) of the MPCs. A number
of different algorithms types have been proposed.

• Maximum-likelihood parameter techniques. The

most popular such algorithm, the SAGE algorithm

[41], is an iterative, approximate implementation

of a maximum-likelihood estimator. During each

iteration, it estimates one parameter and cancels

its contribution from the overall impulse response

or transfer function. In its original form, SAGE is
based on the narrow-band assumption, though

attempts to generalize it to the UWB-REL case

have recently been made [42]–[44].

• Correlation-and-cancellation, like the CLEAN algo-

rithm [31] and extensions [24]. The basic premise

of these algorithms is that the observed signal is a

sum of pulses with known shape. The algorithm

then first finds the largest pulse by correlating the
received signal with the pulse shape. The contribu-

tion of the thus-identified pulse is subtracted from

the total signal, and the process is repeated until the

energy of the Bcleaned-up[ signal falls below a

threshold. Note that this class of algorithms is rather

similar to the SAGE algorithm, as both perform can-

cellation of already-estimated components, though

the implementation details are somewhat different.
• Extraction of azimuthal spectra by transformation

techniques [45], [46]. In this approach, a Fourier

transformation of the signals received a uniform

linear arrays is used to obtain the directional spec-

tra of the signals.

• Orthogonal correlators [47] and least squares

estimation [48].

The above algorithms are generalizations of narrow-
band algorithms, and there are open questions about under

what circumstances the generalization is possible, and

whether additional processing steps are required. The key

problem of any estimation algorithm is the determination

of the pulse distortion �ið�Þ, or, equivalently, the fre-

quency dependence of the transfer function of each MPC.

It is required for any of the above algorithms to work, but it

is difficult to distinguish between a distorted pulse extend-
ing over two delay bins and two undistorted MPCs that fall

into adjacent delay bins. Many aspects of directional

estimation in UWB thus remain open research problems.

The extraction of the statistics of the small-scale fading

also suffers from some problems that are particular to UWB.

In order to extract the small-scale fading statistics of UWB

channels, multiple measurements have to be taken within an

area where the large-scale fading (shadowing) is constant,
but the fading in the resolvable delay bin changes. In order

for the measurement results to be approximately uncorre-

lated, the measurement points must be spaced half a

wavelength (the wavelength at the lower band-edge) or more

apart. For UWB-REL systems, this is in contrast to the

criterion for measurements that allow the extraction of

directional characteristics, where the measurement points

must be spaced at most half a wavelength (at the upper band-
edge). An additional difficulty arises from the fine delay

resolution of UWB systems: when the measurement location

moves over several wavelengths, the MPC can fall into a

different delay bin, as discussed in Section II-A. Thus the

amplitudes of a given delay bin do not reflect the interaction

of a given (constant) ensemble of MPCs,13 leading to a

possible violation of the conditions for WSSUS [25].

IV. LARGE-SCALE CHARACTERISTICS

A. Distance Dependence of Path Gain
As discussed in Section II, the path gain is a measure

for the average attenuation of the signal from TX to RX. It

obviously depends on the distance between TX and RX

and, together with the transmit power, determines the

range of a wireless system: for distances beyond a certain

range, the received signal strength becomes so weak that

proper reception is not possible anymore.

For the distance dependence, the classical power law

GprðdÞ ¼ Gpr;0 � 10n log10

d

d0

� �
(3)

can be used, d0 is the reference distance, Gpr;0 is the path

gain at the reference distance, and n is the propagation (path

gain) exponent. For free-space propagation, n ¼ 2 is valid,
but note that all positive values of n are physically mean-

ingful (we just require that the received power is not larger

than the transmit power). The path gain exponent depends

on the environment in which the system operates; it can

range from less than one in corridors with line-of-sight

(LOS) to seven in some indoor situations with severely

blocked propagation. Typical values for LOS are on the order

of 1.5, and for non-LOS on the order of 3–4 [49]–[55].

13Runtime corrections can be applied, but only if the direction of the
MPCs is known.
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A more refined model of the path gain treats the path-
gain exponent as a random variable, where variations can

occur from house to house (for indoor environments) [56],

[57] or, for outdoor channels, between locations that are

widely separated [58].

Large-scale fading, as discussed in Section II, shows a

lognormal distribution, with a variance of typically 1–2 dB

(LOS) and 2–6 dB [non-LOS (NLOS)], depending on the

environment [51], [53]–[55], [59]. Similar to the path-gain
exponent, also the shadowing variance can be modeled as

random variable [57], [60].

Path gain and shadowing have a key impact on the

coverage and interference characteristics of wireless sys-

tems. Usage of different path gain models can greatly

change the conclusions about a system. System manufac-

turers that want to demonstrate good coverage by their

systems often use a path-gain model with a deterministic
n ¼ 2; this assumption might be valid over very short dis-

tances; however, such a value is wildly optimistic in non-

LOS situations. Frequency regulators also tend to assume a

very small n, but in that case it serves as a worst case,

namely, that UWB emitters can cause interference even at

large distances. Note also that desired signal and interfe-

rence can have different path-gain exponents. For exam-

ple, both high and low values of n occur when n is modeled
as a random variable. This leads to especially challenging

scenarios, as, on one hand, the Breliable[ coverage dis-

tance (i.e., the distance up to which 95% of all locations

receive sufficient signal strength) is small due to the high

values of n, while the worst case interference scenarios

occur whenever n takes on a low value.

B. Frequency Dependence of Path Gain
In a UWB-REL systems, the path gain can become

frequency dependent. Thus, when looking at a frequency-

domain transmission technique, we find that the achievable

range is smaller at higher frequencies, where the path gain

is smaller; alternatively, the high-frequency subbands can

carry less information. To formalize this concept we thus

consider the path gain in different frequency bands, each of

which has a small relative bandwidth �, so that diffraction
coefficients, dielectric constants, etc., can be considered

constant within that bandwidth (see also [61], [62])

Gprðd; fÞ ¼ E

Zfþ�f=2

f��f=2

Hðef ; dÞ
��� ���2def

8><
>:

9>=
>; (4)

where the expectation is taken over both small-scale and

large-scale fading and d is the distance between TX and

RX. It is commonly assumed (and supported by recent

measurements [63]) that the distance-dependence and

frequency-dependence of the path gain are independent of

each other, i.e., Gprðd; fÞ ¼ GprðfÞGprðdÞ. The frequency

dependence of the path gain is in turn determined by the
frequency dependence of all the propagation processes

that the MPCs undergo, including free-space transmission,

reflection, and diffraction. It has been observed that

GprðfÞ / f�2� fits well with measurements, where � ty-

pically lies in the range of 0.5–1.5 [64]–[68]14; alternative

models are described in [70] and [71]. Note that � ¼ 1

corresponds to the classical Bfree-space path loss[; higher

values can be explained by the fact that diffraction losses
increase with frequency. Measurements suggest that the

shadowing variance is approximately independent of

frequency [53].

V. SMALL-SCALE CHARACTERISTICS

In this section, we first discuss the fading of the resolvable

MPCs. We then turn our attention to the statistics of the
arrival times of the MPCs and how the arrival times are

linked to the average powers of the (resolvable) MPCs.

Lastly, we discuss the statistics of the angles at which the

MPCs depart and arrive from the TX and at the RX,

respectively. All those considerations concentrate on

UWB-ABS, unless otherwise noted.

A. Fading
Despite the high temporal resolution of UWB systems,

there is still an appreciable probability that several MPCs fall

into one resolvable delay bin and add up there; in other

words, there is fading even in UWB. The difference to a

conventional system lies mainly in the number of MPCs that

fall into one bin. This number is influenced by i) the envi-

ronment: the more objects are in the environments, the more

MPCs can occurVfor example, residential environments
tend to have fewer MPCs than industrial environments [67];

ii) the measurement bandwidth: clearly, a larger bandwidth,

and thus a shorter duration of a resolvable delay bin, reduces

the number of MPCs per bin; and iii) the delay of the

considered bin: for larger excess delays, there are more

feasible paths causing this particular delay. Thus, fading

depth increases with increasing delay [30], [72]. Depending

on these factors, a Rayleigh distribution of the amplitudes
might or might not be suitable. If this is not the case, a

number of alternative distributions have been suggested.

• Nakagami distribution has been suggested in [30]

and was also confirmed in [32] and [66] for bins

with large delays.

• Rice distribution has been suggested by [66] and

[72] for bins with small delays in LOS situations.

Reference [33] found it to best fit measurement
results in an office environment.

• Lognormal distribution was introduced by [73]. This

approach has the advantage that the fading sta-

tistics of the small-scale statistics and the large-

scale variations have the same form.

14� ¼ 1:3 was observed in the context of cellular systems [69].
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Other distributions have been suggested as well [71],
[74], [75] but are not in widespread use. The agreement of

a number of different distributions with measurement re-

sults can be tested by means of information-theoretic cri-

teria to identify the distribution that fits best [33].

Another important point is whether the fading in

adjacent delay bins is correlated. Reference [71] found that

components immediately following the LOS have a high

probability of having the same polarity as the LOS. Re-
ference [30] found that the fading of adjacent delay bins

was uncorrelated (for a measurement bandwidth of less

than 1 GHz; [33] found only weak correlation for band-

width up to 3 GHz in the microwave range. Strong cor-

relation has been found in body-area networks [76], [77].

B. Delay Dispersion

1) Arrival Times and Clustering: Arrival times of MPCs

are related to the location of the interacting environmen-

tal objects. Especially if each MPC experiences only a

single interaction on its way from TX to RX, then the

location of the interacting object uniquely determines the

excess runtime by means of a simple geometrical relation-

ship. It has been shown that if objects are distributed

uniformly in a plane, then the arrival statistics of the
MPCs are random variables following a Poisson distribu-

tion (with arrival rate �)15; in other words, the interarrival

times between MPCs are exponentially distributed [78].

In most indoor environments, however, objects are not

distributed uniformly in space but rather are clustered.

Roughly speaking, a cluster is a group of objects that are

close together and are separated from other objects by a

considerable distance. A table with surrounding chairs, or
books on a shelf, are examples for objects that are present

in clusters. The clustering of objects can be, in a first

approximation, translated into clustering of MPCs (a more

detailed definition of clustering also takes the properties of

MPC in the angular domain into account [79], [80]). Thus

the impulse response is written as

hð�Þ ¼
XL

l¼0

XK

k¼0

ak;l�ð� � Tl � �k;lÞ (5)

where ak;l is the tap weight of the kth component in the lth
cluster, Tl is the delay of the lth cluster, �k;l is the delay of

the kth MPC relative to the lth cluster arrival time Tl, and

K is the number of MPCs within a cluster. L is the number

of clusters. Formally, (5) does nothing but split a sum-

mation into a double-sum, and the reader might wonder

what the advantage in this is. The reasons are that i) it is

easier to establish a relationship between the physics of the

environment and the impulse response and ii) the statistics
of the MPCs within a cluster can be described in a simple

manner, and the statistics of the clusters themselves can be

easily described as well; in contrast it is very difficult to

describe the joint statistics of all the MPCs.

The popular Saleh–Valenzuela (SV) model [81] (see

Fig. 8) suggests that the cluster arrival times Tl are Poisson

distributed variables, with interarrival rate �, i.e., the in-

terarrival times of the clusters are exponentially distrib-
uted. 1=� is typically in the range of 10–50 ns [54], [59],

[70], [82]. The SV model furthermore models the inter-

arrival times of the paths within one cluster as a Poisson

process with arrival rate �. A generalized Poisson-mixture

model was introduced by [55] and [83] and also used in the

standardized IEEE 802.15.4a model [67]. Parameteri-

zations in different environments are given in [31], [67],

and [83]–[86].
Clustering is not a phenomenon that exclusively occurs

in UWB channels; as a matter of fact, the SV model was not

established with UWB in mind. Depending on the envi-

ronmental parameters and the bandwidth of the system, a

variety of scenarios can occur.

• Unresolvable clusters: if the bandwidth is very

small ðB G 1=�maxÞ, neither clusters nor MPCs are

resolvable.
• Resolvable clusters but unresolvable MPCs: if

� G B G �. This case has often be observed in

outdoor environments even when the bandwidth is

only on the order of 1 MHz. However, in indoor

environments, bandwidths of 10 MHz or more are

necessary for this case to occur.

• Resolvable MPCs: if the bandwidth is sufficiently

large (B 9 �), then the MPCs can be resolved.
Resolvable delay bins containing MPCs are inter-

spersed with delay bins that contain no MPCs, so

that the impulse response becomes truly sparse.

Fig. 6 shows the effect of filtering with a 500 MHz

filter. It is clear that while the impulse response is some-

what smeared by the filtering, it is still sparse.

The number of clusters depends both on the environ-

ment and the measurement bandwidth [87] and typically
lies between 1 and 5, though values higher than ten have

also been observed [32], [54], [55], [57], [59], [88]. L can

be modeled as fixed [89] or as a stochastic variable [82].

2) Delay Dependence of Power of MPCs: Equation (5) is

fairly general. It can be used in conjunction with MPC

arrival times that can either be regularly spaced or random.

It can also be used in conjunction with different models for
the power contained in the various clusters. The most

common model for the power delay profile of each cluster

is a one-sided exponential decay

E jak;lj2
� �

/ �l expð��k;l=�lÞ (6)

15It is standard in the literature to abbreviate the arrival rate as �.
However, in order to avoid confusion with the wavelength, we use � in
this paper.
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where �l is the integrated energy of the l�th cluster and �l

is the intra-cluster decay time constant. The cluster

powers, averaged over the large-scale fading, follow an

exponential decay with a different decay time constant.

The intercluster decay time constant � is typically around

10–30 ns, while widely differing values (between 1 and
60 ns) have been reported for the intracluster constant �;

see, e.g., [54], [59], and [82].

Another important special case is when L ¼ 1; this

recovers the classical single-exponential decay model.

Other measured cases include the following.

• Single-exponential decay ðL ¼ 1Þ with strong first

component [30]: this shape was observed in indoor

environments with a low carrier frequency, so that
the first arriving MPC was strong even if the direct

line-of-sight was blocked.

• Single-exponential decay ðL ¼ 1Þ with random

variations. The PDP is not strictly monotonic but

shows a Bfine structure,[ i.e., the PDP can be

modeled as a purely exponential decay multiplied

by a lognormally distributed random variable

[57], [90].
• Soft onset: in some environments the first arriving

MPC does not carry the largest energy. Rather, the

PDP slowly rises to a maximum (typically 20–50 ns

after the first MPC) and then decays again [51],

[67]; compare Fig. 7.

Comparisons among various models were done in [91].

3) System Implications: The characteristics of the delay
dispersion have great impact on the design of the receivers

as well as on the performance of ranging devices. In the

Fig. 7. (Left) Multicluster SV impulse response in residential environment and (right) single-cluster with soft onset in industrial environment.

Fig. 6. Effect of filtering on impulse response. (Left) Unfiltered impulse response in indoor environment;

(right) filtered with 500 MHz bandwidth rectangular filter.
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following we list some (but by no means all) interactions

with modulation formats, receiver structures, etc.

As discussed in Section II-C, frequency-domain trans-

mission techniques are mostly influenced by the shape of

the PDP, i.e., how much energy arrives with how much

delay. The performance is very little influenced by whether
a channel is dense or sparse.

For time-domain transmission techniques, the number

of resolvable MPCs is the vital quantity (see Section II-C).

It is determined by the system bandwidth and the excess

delay, as well as whether the channel is sparse. Clearly a

sparse channel has fewer MPCs, and thus requires fewer

correlators than a dense channel with the same excess

delay. In practice, many receivers use simplified Rake
structures: selective Rake (SRake) receivers, which collect

the energy from the L strongest MPCs, and partial Rake

(PRake) receivers, which collect the energy from the L first
MPCs. The performance of such receivers also strongly

depends on the delay dispersion characteristics. For dense

channels and monotonic PDPs, PRake receivers collect

most of the energy, as the MPCs with the (on average)

highest energy are the ones collected by the PRake [92].
For sparse channels, PRake receivers do not perform well

because they use some of the correlators to receive delay

bins that do not contain MPCs. An alternative to Rake

receivers is provided by time-reversal systems, where the

transmit signal is predistorted according to the impulse

response of the channel so that the receiver Bsees[ an

effective impulse response that is equal to the autocorre-

lation function of the channel, and thus provides good
concentration of the energy at the zero-lag tap [93], [94].

For noncoherent reception of time-domain transmis-

sion techniques, channel sparseness can lead to consider-

able performance loss. A typical noncoherent receiver

takes the magnitude (or squared magnitude) of the re-

ceived signal and integrates it over a time duration that is

related to the delay spread. This can also be interpreted as

summing up the energies in a number of contiguous resolv-

able delay bins. In a sparse channel, many of those delay

bins contain only noise energy, so that the signal-to-noise

ratio of the total received signal is low. A similar situation

occurs in transmitted-reference systems [95]–[97].

A further complication arises in sparse UWB-REL
channels. It is well known that an optimum receiver should

correlate the received signal with the pulse shape cor-

responding to the received signal carried by each MPC. In

narrow-band systems, this is equivalent to correlating with

the pulse shape of the transmit pulse, giving rise to the

standard Bmatched filter.[ However, for UWB-REL systems,

the transmitted and received pulse shapes corresponding to

a given MPC may be different. Thus, the receiver must
either have a matched filter that is matched to the con-

volution of the transmit pulse with the function �ð�Þ (which

is not feasible in practice, especially if �ð�Þ is different for

each MPC) or it must use several Rake fingers for each

MPC, spaced at the Nyquist sampling distance, to collect the

whole energy of this MPC [98], [99]. From a practical

perspective, the effect of filter mismatch is often of limited

importance in UWB systems, especially if the relative BW of
the system is smaller than 100% and/or the variations of the

mean path loss as function of frequency are mild. It must

also be noted that a Rake receiver whose correlators are

spaced regularly at delays corresponding to Nyquist sam-

pling can implement a filter that is ideally matched to the

instantaneous impulse response irrespective of the under-

lying propagation processes. Pulse distortion compensation

in time-reversal systems is discussed in [100].
For ranging, it is essential to determine the absolute

delay of the first arriving MPC; see [101]. This task is most

easily achieved if the first MPC is the strongest. Most

channel models assume that this situation occurs, at least

when considering the PDP. Simulations with such a model

will usually result in optimistic estimates of the ranging

capabilities. Other models assume a weak first component,

Fig. 8. The Saleh–Valenzuela model.
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while the subsequent components can be stronger [51]. Note

that a soft onset is more important in UWB systems than in

narrow-band systems, whose filters tend to Bsmear out[ the

initial rise of the impulse response; see Fig. 9. Furthermore,

the cluster structure of the impulse response can increase
the difficulty of extracting the quasi-LOS component [102].

C. Angular Dispersion and Polarization
Analysis of multiple-antenna UWB systems requires

the description and measurement of the angular dispersion

of UWB propagation channels. It is well known from the

multiple-input multiple-output literature that antenna

arrays at TX and RX lead to the highest capacity when
the signals at the antenna elements are decorrelated. A

number of measurements of UWB spatial correlation have

been reported in the literature [103]–[109]. In general, the

papers indicate correlation coefficients below 0.5 for

antenna spacings between 3 and 8 cm.

For a more detailed view, especially for information-

theoretic considerations and the analysis of OFDM sys-

tems, it is interesting to consider the correlation behavior
in the frequency domain, i.e., define a frequency-

dependent correlation that is valid in bands of width �,

centered around a frequency f . The correlation of the

signals depends on one hand on the angular spread (the

larger the angular spread, the lower the correlation) and

on the other hand on the interelement spacing in units of
wavelength at the considered frequency f (the larger the

spacing, the lower the correlation); see also [110]. Thus in
UWB-REL systems the effective interelement spacing in-

creases with increasing frequency. At the same time, re-

cent measurement [68] indicates that the angular spread

decreases with increasing center frequency; this can be

explained by the fact that some MPCs, especially those that

involve diffraction, are weaker (relative to LOS) at higher

frequencies. The correlation coefficient was also observed

to decrease with bandwidth [111].

Measured values for angular spreads, averaged over all

frequencies (or derived from time-domain measurements)

have been presented in [31] and [112]–[114] for various

office and residential environments. Typical angular spreads

are on the order of 30–40�. Other investigations have also
explored how the impulse response changes when TX and

RX use directional antennas [115]. It is also noteworthy that

the angular spread increases with the delay [31], [116].

Multiple-antenna systems can exploit antenna elements

not only with different spatial positions but also with dif-

ferent polarizations [117], because fading of different polar-

izations is approximately uncorrelated. The capacity gain

that can be achieved with such systems strongly depends on
the cross-polarization discrimination of the channel. Refer-

ence [118] indicates that two orthogonal polarizations have a

correlation coefficient G 0.1 but that the mean power of the

co- and cross-polarized component differs by some 5 dB. A

more detailed polarization model is given in [119]. The

notion of polarization is particularly complex in UWB chan-

nels because the cross-polarization of both the channel and

the antennas can be frequency-dependent.

D. Temporal Variations
There are two possible sources of time variance:

movement of the TX or RX (or both) and/or movement of

objects in the environment. If only the TX/RX moves, then

the time variations are related to the angular power dis-

tribution of the MPCs and the antenna pattern [18]: if the

directions of the MPCs are known, we can easily compute
the effect of a movement of the TX/RX: each MPC under-

goes a phase shift that is determined by the angle between

the MPC and the direction of movement of TX/RX.

An even more interesting case occurs when objects are

moving through the (quasi) LOS direction, thus shadowing

off the most significant power contribution [120]. This

leads to a time-varying attenuation; note that the attenu-

ation by a human body can be 10 dB or more [121], though

Fig. 9. Soft onset in industrial environment and filtered by 5 MHz BW filter.
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multipath propagation decreases the effect on the total
received power [122], because the MPCs provide alterna-

tive ways for the energy to get from TX to RX.

E. Special Environments
The channels discussed above are for personal-area

networks (PANs), where communications occurs between

devices that are typically at a distance of about 1–30 m.

UWB also is promising for body-area networks (BANs),

where devices located on the body of the user are talking to
each other. Such arrangements are especially promising

for medical applications. Extensive measurement cam-

paigns and parameter fittings were done by Fort et al. [76],

[77], leading to the following important insights.

i) The lognormal distribution is most suitable to

describe the small-scale fading (variations of the

received power at different locations within a

region of stationarity) on a BAN.
ii) Strong correlation between the fading of adjacent

delay bins exists.

iii) Either the lognormal distribution or the Nakagami-

distribution is a suitable description for the small-

scale fading due to the movement of the arms of the

person on which the devices are mounted.

iv) MPCs propagating via ground reflections or wall

reflections are important for the propagation be-
tween antennas on the front and back of the torso

and lead to a significant increase in the delay

spread.

Further investigations of BAN channels can be found in

[122]–[128].

Another possible area of application lies in communi-

cations between different circuit boards in desktop com-

puters. Using small antennas that are integrated on the
circuit boards, wireless UWB links can replace the cur-

rently used cable connections, thus simplifying automated

installation and integration of a card into a computer. The

impulse response is dense, and results depend very little on

the location of the TX and RX inside the computer casings

[129], [130]. Yet another special situation of interest is UWB

propagation within cars [131], [132] and ships [133].

VI. RAY-TRACING AND STATISTICAL
CHANNEL MODELS

A. Ray Tracing
For system deployment, it is often necessary to know

the channel behavior in a specific location. Such site-
specific channel description requires either measurements

in that location, or the solution of Maxwell’s equation (or

an approximation thereof) under the specific boundary

conditions of the location. Ray tracing or ray launching,

which use a high-frequency approximation to Maxwell’s

equations, are well-established tools for site-specific chan-

nel modeling in the context of cellular networks. In other

words, ray tracing emits rays (representing homogeneous
plane waves) from the transmitter and computes the in-

teraction of those rays with the environment. Standard,

narrow-band ray tracing assumes that each interaction

leads to an attenuation as well as a change of direction of a

ray (e.g., when it is reflected on a wall); the path of the ray

also determines its runtime and thus its delay. The char-

acteristics (delay, runtime, direction) of all the rays deter-

mines the impulse response.
UWB-REL channels pose additional challenges for ray

tracing due to the frequency selectivity of the propagation

processes (reflection, diffraction, etc.). One possible solu-

tion performs traditional ray tracing at different frequen-

cies and then combines the results [134]. An alternative

computes the distortion functions �ðtÞ of the different rays

(which depends on the interaction processes they go

through) and adds up the contributions from the different
rays [135]–[137]. In either case a theoretical and/or expe-

rimental understanding of the frequency selectivity of

propagation processes is essential [11], [23], [138]–[148].

When comparing ray tracing to measurements, we find

that most ray-tracing results underestimate the number of

MPCs. Consequently, Rake receivers designed on the basis

of ray tracing results tend to have a lower number of cor-

relators. To enhance the simulation accuracy for smaller
objects, there are proposals to include full wave simulation

to describe scattering from small objects, which leads to

hybrid simulation procedures [149], [150].

Another possible approach lies in combining determin-
istic components that are derived from ray tracing with a

Rayleigh-distributed Bclutter[ that describes the contribu-

tions that stem from diffuse scattering and other propa-

gation paths that are not covered by the ray tracing [46],
[66], [151].

B. Standardized Statistical Models
For system design, especially in the context of system

standardization, site-independent channel models are re-

quired. Such models serve as a reference that is used for

the simulation of different system proposals. Two models

are in widespread use: the IEEE 802.15.3a model and the
IEEE 802.15.4a model.

The 802.15.3a model was developed in 2003 by a stan-

dardization group for UWB communications systems in

order to compare standardization proposals for high-data-

rate wireless PANs [152], [153]. Due to this purpose, the

considered environments were office and residential indoor

scenarios with a distance between TX and RX of less than

10 m. The model distinguishes between four radio environ-
ments: LOS with a distance between TX and RX of 0–4 m

(CM1), NLOS for a distance 0–4 m (CM2), NLOS for a

distance 4–10 m (CM3), and a Bheavy multipath[ environ-

ment (CM4). The model is a Bclassical[ SV model, with

parameterization derived from measurements [73], [154].

The IEEE 802.15.4a was a group that developed a

standard for UWB-based low-data-rate communications
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with ranging capability; see [155]. For the system selection,
it developed a UWB channel model [67] that is valid over

larger distances than the 802.15.3a model. The model is

parameterized for LOS as well as non-LOS situations in

residential indoor, office indoor, industrial, outdoor, and

farm environments. Some of the environments (industrial

non-LOS, office non-LOS) use a dense channel model with

a Bsoft onset[ of the power delay profile, while others use a

generalized SV model. In addition 802.15.4a contains a
model for BANs based on [76] and [77], as well as a model

for office environments in the 300–1000 MHz range based

on [30] and also [156].

The 802.15.4a model is more general and based on

more measurements than the earlier 3a model. It is note-

worthy that both the 15.3a and the 15.4a channel models

are suitable for simulations of UWB systems with arbitrary

data rates.16

VII. SUMMARY AND CONCLUSION

This paper presented an overview of UWB propagation

channels, stressing the fundamental differences from con-

ventional (narrow-band and wide-band) propagation chan-

nels and discussing the impact on system design. We found

that we have to distinguish between UWB channels with
large absolute bandwidth and UWB channels with large

relative bandwidth, as the behavior and peculiarities are

different for those cases. For UWB-REL channels, all fund-

amental propagation processes, like reflection, diffraction,

become frequency dependent. Consequently:

• the channel impulse response is a sum of delayed,

attenuated, and distorted MPCs;

• the system cannot be described in the framework
of WSSUS (wide-sense-stationary uncorrelated

scattering) systems [25];

• matched filters that are matched to the transmit

signal might not be optimum;

• for OFDM and multiband signals, the link capacity

is the summation of the capacities of the different

subcarriers or subbands, which in turn decrease

with increasing frequency;

• also channel parameters like delay spread, angular
spread, etc., can depend on the frequency.

For UWB-ABS channels, several effects can occur

(depending on the environment).

• The channel impulse response can become sparse,

i.e., not every resolvable delay bin contains signi-

ficant MPCs.

• For such a sparse impulse response, a relatively

small number of Rake fingers can collect most of
the received energy. Requirements for OFDM sys-

tems, on the other hand, are hardly influenced by

sparseness of impulse response.

• The fading statistics of the absolute amplitudes

usually are not Rayleigh; in other words, the fading

depth is smaller than in narrow-band systems.

• The PDP can show a Bsoft onset,[ which makes

ranging more difficult.
We also discussed that the measurement and subse-

quent evaluation of UWB-REL channels poses some unique

challenges, several of which are not completely solved yet.

Last, but not least, it must be emphasized that our current

picture of UWB channels is based on only a rather small

number measurement campaigns, at least compared to

cellular and WLAN systems. Thus, parameter settings that

are seen as Btypical[ today might actually only be true for
the environment in which the one existing measurement

campaign was done. More experimental work will be

needed in the future. h
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