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On the Physical Interpretation of the Saleh–Valenzuela
Model and the Definition of Its Power Delay Profiles
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Abstract—The physical motivation and interpretation of the sto-
chastic propagation channelmodel of Saleh andValenzuela are dis-
cussed in detail. This motivation mainly relies on assumptions on
the stochastic properties of the positions of transmitter, receiver
and scatterers in the propagation environment, and on the fre-
quency range that is covered by the model. Some of these assump-
tions break down when the application of the model is extended
from wideband to ultra-wideband propagation channels. Another
important difference between these application contexts is the spa-
tial scale over which the stochastic properties of the channel fluc-
tuate when the transmitter or receiver is moved. This is further
illustrated by analyzing the average power delay profile and some
other channel properties for different levels of ensemble averaging,
and discussing the relation between the ensemble averaging levels
and the spatial variation scales. The notion of the averaging levels
is essential for correct interpretation of the model, and hence for
appropriate channel characterization and system design.

Index Terms—Delay dispersion, Saleh–Valenzuela (SV) model,
stochastic channel model, ultra-wideband (UWB), wireless propa-
gation.

I. INTRODUCTION

T HE Saleh–Valenzuela (SV) model [1] is a popular and
widely accepted propagation model that describes the sto-

chastic properties of the arrival delays and amplitudes of resolv-
able multipath components (MPCs) in indoor wideband (WB)
wireless transmission systems. It models the arrivals ofMPCs in
clusters, where both the cluster arrivals and the arrivals ofMPCs
within each cluster are assumed to be governed by Poisson pro-
cesses.
The SV model was originally introduced within the context

of WB systems with bandwidths in the order of a few hundred
MHz. Later it was found that measurements of ultra-wideband
(UWB) channels also fit the SV model well. It was used as
the basis for the IEEE 802.15.3a model [2], [3], which was
developed in order to compare standardization proposals for
high-data-rate wireless personal area networks (PANs). Later,
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a modified SV model was introduced and used in the IEEE
802.15.4a model [4], [5], for low-data-rate wireless PANs with
ranging capability. Extensive measurement campaigns were
performed to parametrize the models for different scenarios,
such as residential, office, industrial, and outdoor environments.
For all scenarios (except outdoor), the models were separately
parametrized for line-of-sight (LOS) and non-line-of-sight
(NLOS) conditions. The measurements were performed in
various frequency ranges, all in the order of a few GHz wide,
and various distance ranges, all in the order of several meters
up to a few tens of meters.
Nevertheless, the actual extension from WB to UWB in the

development of the IEEE 802.15.3a and 802.15.4a channel
models was performed in a rather ad-hoc fashion. That is, in-
stead of reconsidering the physical assumptions that led to the
WB SV model, verifying whether these also hold in the UWB
case, and possibly adapting according to physical reasoning,
the actual model extensions were mostly based on empirical
data from channel measurements. Although at that time this
seemed the best way to quickly obtain acceptable tools for
benchmarking candidate technologies for the standards, this
approach limits the actual understanding of the physical effects
in WB and UWB channels. Therefore care must be taken when
using the same models for other purposes.
One of the essential differences between WB systems and

UWB systems is the spatial scale over which the statistical prop-
erties of the channel change when the position of the transmitter
(Tx) and/or receiver (Rx) is varied. For instance, the derivation
of fading statistics in WB channels is based on the assumption
that the position of the Tx or Rx can be varied on such a scale
that the MPC amplitudes change while the other random param-
eters (most notably the MPC arrival delays) remain constant.
However, this assumption no longer holds for UWB channels
with a large relative bandwidth [6]. Therefore, it is of utmost
importance to clearly specify the spatial scale over which mea-
surements are taken, and when these results are combined and
related to analytical statistics (for instance expected values), it
should be explicitly specified which parameters are varied (or
“averaged out”), and which parameters are kept constant. Es-
pecially this latter aspect is sometimes described somewhat ob-
scurely in literature on SV-based channel models. The analyt-
ical statistics are in fact conditional statistics (which are only
locally valid), but it is often unclear on which random parame-
ters these statistics are conditioned. Nevertheless, proper under-
standing of these conditional statistics and the local estimation
of the corresponding parameters (such as described in [7]) is es-
sential for proper design of for instance adaptive equalization
and/or diversity schemes.
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Moreover, the actual link between statistical and spatial fluc-
tuations is something that can be questioned. In other words, can
the fluctuations of the random parameters as a function of the
position (of the Tx or Rx) be considered as a spatially ergodic
process? This is an essential question when model parameters
are derived from measurements.
The aim of this paper is two-fold. First of all, it aims to con-

duct a thorough discussion on the physical assumptions that
were made upon definition of the SVmodel (mainly focusing on
geometrical considerations), and why these assumptions partly
break downwhen themodel is applied in a UWB context instead
of a WB context. Second, explicit definitions of the conditional
statistics of several properties of the SV model will be given
and discussed. Specifically, it will be explained what different
levels of expectation and spatial averaging can be distinguished
when calculating or measuring these properties, respectively,
and how the ordering of these levels is influenced by the exten-
sion from WB to UWB. Analytical expressions for the average
power delay profile (PDP) and several other channel properties
will be presented for different levels of ensemble averaging, and
it will be discussed how these results should be interpreted and
linked to the physical motivation for the model. Furthermore it
will be discussed if and how these results can be related to prac-
tical measurements, and what this implies for the way in which
the model parameters are extracted from measurements, and for
the way in which the model is applied in system design and per-
formance evaluation, especially when UWB channels are con-
sidered.
The paper is outlined as follows. The origin, structure and

physical motivation of the SVmodel are described in Section II.
Then, in Section III, it is discussed how the physical motivation
of the model breaks down when extending its application from
WB to UWB, and how this extension influences the ordering
of the spatial variation levels. In Section IV this is further il-
lustrated by analyzing the model in terms of the PDP and sev-
eral other channel properties, for different ensemble averaging
levels, and linking these levels to the spatial variation levels.
Conclusion are formulated in Section V.

II. ORIGIN, STRUCTURE AND PHYSICAL MOTIVATION OF THE
SALEH–VALENZUELA MODEL

A. Turin’s Poisson Arrival Model

The SV model was mainly inspired by the pioneering work
of Turin, who postulated that the received signal in a static WB
wireless communication system can be written as the sum of
undistorted replicas (the MPCs) of the transmitted signal [8]
(i.e., only delayed, attenuated and shifted in phase). In other
words, in each point of a three-dimensional environment, the
propagation channel can be characterized by a linear time-in-
variant filter with a complex baseband equivalent impulse re-
sponse that can be written as

(1)

where , and are the random amplitude, phase and
propagation delay of the th MPC, and is the Dirac delta
function.1

Turin et al. conjectured that, in urban environments, the prop-
agation delays can be described as a homogeneous Poisson
sequence [9]. Mathematically, this can be described in three
ways.
1) The number of MPC arrivals in any delay interval of
length after the arrival of the first MPC is Poisson-dis-
tributed with mean , i.e.,

(2)

where is the mean arrival rate, and the numbers of
MPC arrivals in disjoint delay intervals are mutually
independent.

2) The number of MPC arrivals in any delay interval of
length after the arrival of the first MPC is Poisson-dis-
tributed withmean , and, given , the unorderedMPCs
have mutually independent arrival delays, each uniformly
distributed in that interval.

3) When the MPCs are ordered according to the values of
their arrival delays, the differences between the arrival de-
lays of successive MPCs are exponentially distributed and
mutually independent, i.e., the arrival delays can be written
as

(3)

where is the (known) arrival delay of the first component
(we will come back to this later) and the interarrival delays
have probability density

(4)

The rationale for this conjecture was that the scatterers, i.e., the
objects introducing the MPCs, can be assumed to be completely
randomly located in space. To be precise, if one assumes that
each scatterer introduces one resolvable MPC (and that each
MPC reflects upon only one scatterer), and that the positions
of the reflection points form a spatial Poisson process, then, for
given Tx and Rx positions, it follows from geometrical consid-
erations2 that the MPC arrivals follow a Poisson process. When

1Strictly speaking, the (continuous-time) impulse response of any linear time-
invariant system can be approximated by a summation of delta functions, where
the approximation can be made arbitrarily accurate by spacing the delta func-
tions sufficiently closely, given the bandwidth of the input signal. The main
added value of such a notation in a wireless propagation model is its appealing
interpretation, where each delta function corresponds to one MPC (or a set of
nonresolvableMPCs). This is particularly useful in time-variant systems, where
tiny variations in the positions of the Tx, Rx and/or scatterers may lead to a
change in the phases of the MPCs, while the amplitudes and delays remain con-
stant.
2When only single reflections are considered, anMPCwith a particular arrival

delay value corresponds to a reflection point that must be located somewhere on
an ellipsoid around the Tx and Rx. Hence, allMPCs arriving in a particular delay
interval correspond to reflection points located in a space that is bounded by two
nonintersecting ellipsoids. As a result, MPCs arriving in disjoint delay intervals,
correspond to reflection points located in disjoint spaces. As the positions of the
reflection points form a spatial Poisson process, the numbers of reflection points
in disjoint spaces are both Poisson-distributed and mutually independent, and,
consequently, the numbers of MPCs in the corresponding delay intervals are
also both Poisson-distributed and mutually independent.
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the number of scatterers (and hence the number of MPCs) is
large, it can be argued that the Poisson assumption is still a rea-
sonable approximation when MPCs reflect upon multiple scat-
terers.3

B. Extension to the Saleh-Valenzuela Model

However, measurements suggested that MPCs have the ten-
dency to arrive in clusters. Therefore an extension of the Poisson
arrival model was suggested by Turin et al. [9] and developed
by Suzuki [10]. In this so-called - model the homogeneous
Poisson process for the MPC arrivals was replaced by a modi-
fied Poisson process, in which the MPC arrival rate temporarily
changes upon the arrival of an MPC. Although the modified
model turned out to describe the experimental data much more
accurately, theMarkov-like structure of themodelmade its anal-
ysis relatively complicated.
For that reason Saleh and Valenzuela introduced an alterna-

tive model [1] for indoor environments, based on a doubly sto-
chastic Poisson process, in which the MPCs arrive in clusters.
Accordingly, the expression for the complex baseband equiva-
lent impulse response in (1) is replaced by

(5)

where and are the random amplitude and phase of the
th MPC in the th cluster, respectively, is the random ar-
rival delay of the th cluster (i.e., the arrival delay of the first
MPC in that cluster, as ), and is the excess ar-
rival delay of the th MPC in the th cluster, measured from
the start of that cluster. Both the cluster arrival delays and
the MPC excess arrival delays are governed by homo-
geneous Poisson processes, with arrival rates and , respec-
tively. Without loss of generality, we choose , for conve-
nience, i.e., we ignore the absolute propagation delay between
Tx and Rx.4

Saleh and Valenzuela attributed the arrivals in clusters to the
superstructure of the building in which they performed their
measurements (including large metalized walls and doors). The
first cluster consists of the direct-path component and MPCs
caused by the scatterers close to the Tx and Rx, while the re-
maining clusters consist ofMPCs that are reflected off the super-
structure. Assuming that the scatterers are completely randomly
located, it can be argued that the arrivals in the first cluster are
governed by a Poisson process, in the same way as we did for
Turin’s model (footnote 2). The arrival delay of each cluster cor-
responds to the arrival delay of the first MPC in that cluster,
which is directly reflected off the superstructure. If the positions

3In either case, what this reasoning does not explain, is why the corresponding
Poisson arrival process would be a homogeneous process. Considering the fact
that the size of the corresponding ellipsoid increases for increasing arrival delay,
one would expect that the corresponding number of interacting scatterers, and
hence the arrival rate, would increase with increasing arrival delay. This would
be even more pronounced when also multiple reflections are considered. On
the other hand, it can reasonably be assumed that more and more scatterers get
“hidden” (shadowed) as their distance from the Tx and Rx increases. The ho-
mogeneity assumption is then a convenient compromise.
4The physical motivation for the model is based on the assumption that the

positions of the Tx and Rx are known, so the statistics that follow from themodel
are in fact conditional statistics for given distance, and, hence, given value of
. Therefore the additional propagation delay can always be added later in

for example the expression for the PDP, by replacing by .

of those “superscatterers” (to be precise, the reflection points on
those superscatterers) are completely randomly located, then we
can apply the reasoning of footnote 2 again, and it follows that
the cluster arrivals also follow a Poisson process, albeit with a
lower rate. The remaining MPCs in the remaining clusters are
reflected off the superstructure and additional scatterers. MPCs
in the same cluster are reflected off the same superscatterer.
Now suppose that the positions of the reflection points on these
superscatterers (and hence the cluster arrival delays) are given.
Then, even though the MPCs undergo an additional reflection
upon the superscatterer, a similar reasoning5 can be applied as
for the MPCs in the first cluster, i.e., completely random distri-
bution of the scatterers leads to excess arrival delays following
Poisson processes.
An alternative explanation was suggested in the survey paper

by Hashemi [11], Neyman and Scott used the spatial equiva-
lent of the same model to describe the distribution of galaxies
in space [12], [13]. Applying a similar model to the distribu-
tion of scatterers (i.e., assuming that scatterers are distributed in
clusters, with cluster centers completely randomly located, and,
for given cluster centers, the scatterers randomly located with
density functions centered around the cluster centers), it can be
argued that the arrivals of the corresponding MPCs can be ap-
proximated as a doubly stochastic Poisson process.6

Saleh and Valenzuela further assumed that the phases
are mutually independent random variables that are uniformly
distributed between 0 and , and that the amplitudes are
mutually independent random variables that, for given values of
the arrival delays , are Rayleigh-distributed, i.e.,

(6)

with conditional mean square values that are monotonically de-
creasing functions of and

(7)

where denotes ensemble averaging (expected value; in this
case conditioned on the values of and ), is the average
energy of the first MPC in the first cluster (we will get back
to this at the end of this section), and and are the energy
decay times of the individual MPCs and clusters as a whole,
respectively.
The fact that (6) and (7) are conditioned on the values of

and means that they are only locally valid, as these values
fluctuate with spatial position. can hence be interpreted as
a local expected value (which is not necessarily equal to the

5For given positions of the reflection points on the superscatterer and scat-
terers close to the Tx and Rx, the overall arrival delays can be found bymirroring
the Rx and the scatterers close to the Rx in the plane through the reflection point
on the superscatter. Consequently, for given position of the reflection point on
the superscatterer, it follows from the reasoning in footnote 2 that the overall
arrival delays follow a Poisson process, and the excess arrival delays follow by
subtracting the cluster arrival delay (which is given for given position of the
reflection point on the superscatterer).
6This can be argued along the same lines as in footnote 2. The resulting doubly

stochastic description is only an approximation though, as the first MPC in each
cluster does not correspond to a scatterer close to the center of the corresponding
scatterer cluster, but to the scatterer in that cluster that is closest to the Tx and
Rx.
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spatial average in that area). This will be further considered in
Section III.D.
The actual distributions of the amplitude and phase can be

attributed to the limited measurement resolution, a large number
of weak MPCs arriving shortly after each other add up to one
resolvableMPC,which, through the Central Limit Theorem, has
a circular complex Gaussian amplitude, and, hence, a Rayleigh-
distributed amplitude and uniformly distributed phase.
Saleh and Valenzuela attributed the exponential decay of the

MPC amplitudes to the fact that many MPCs result from mul-
tiple reflections, i.e., bouncing back and forth between scatterers
in the vicinity of the Tx or Rx. Both the propagation delay and
the attenuation in dB of such an MPC increase roughly linearly
with the number of reflections (due to propagation, reflection
and shadowing loss), resulting in an amplitude roughly expo-
nentially decreasing with increasing delay.
Note that , the average energy of the first MPC in the first

cluster, is treated as a deterministic constant here. In practice,
however, it is determined by path loss and large-scale fading
(shadowing), so strictly speaking it should be considered as an-
other RV, on which (6) and (7) are conditioned, and whose value
will alter upon spatial fluctuation. Although Saleh and Valen-
zuela do give some consideration to path loss in their paper [1],
they do not consider large-scale fading. Path loss and large-scale
fading will also not be incorporated in the model as it is further
discussed in this paper, but we will come back to this issue in
Section III.D.

III. DISCUSSION ON THE APPLICATION OF THE

SALEH–VALENZUELA MODEL TO ULTRA-WIDEBAND

As pointed out in the introduction, the SVmodel has also been
successfully used to model UWB propagation channels, albeit
with several modifications, and research aimed at the refinement
of these models is still ongoing. In this section, we point out why
part of the physical assumptions leading to the SV model break
downwhen UWB channels are considered. Also we discuss spa-
tial variation scales of the various random variables (RVs) in
the model, and how the ordering of these scales changes when
we extend the application of the model from WB to UWB. The
latter is important for the analysis that is presented in Section IV,
which further illustrates the interpretation of the SV model in a
UWB context.
As will be discussed, the actual impact on the validity of the

model and on the ordering of the spatial variation scales de-
pends on whether we consider systems with a large absolute
bandwidth (UWB-ABS) or large relative bandwidth
(UWB-REL), where is the center frequency [6].

A. Distortion of Individual Pulses

The most basic assumption on which the SV model was
based, is Turin’s hypothesis of receiving undistorted replicas of
the transmitted signal, leading to the notation for the complex
equivalent baseband impulse response with delta functions in
(1).
Actually describing the transmitted and received signal and

hence the channel itself in terms of a complex equivalent base-
band representation is not compromised by increasing the band-
width. Although this representation method was developed with

narrowband signals and systems in mind, it can easily be ver-
ified that they still apply to bandpass signals and systems with
ultra-large absolute or relative bandwidths, even when the lower
bound of the signal frequency band approaches DC. (The only
thing that is lost then is their convenient intuitive interpretation,
as the envelope is no longer slowly varying compared to the car-
rier oscillations.)
However, what should be taken into account when

UWB-REL is considered, is that the transfer functions that
are experienced by individual MPCs can no longer be con-
sidered constant over the frequency band of interest, due to
frequency-dependent path loss, reflections and transmissions
(especially through multiple layers), diffraction, and diffuse
scattering. In other words, if we maintain the (physically ap-
pealing) notation for the impulse response as in (5), where the
contribution of each resolvable MPC is written as a single term
in the summation, then the delta functions should be replaced
by distorted pulses , resulting in [6]

(8)

The shapes of the complex pulses depend on the
center frequency . Considering that the transfer functions ex-
perienced by individual MPCs can only be considered constant
for bandwidths much smaller than (say 20% or smaller), the
durations of these distorted pulses will be in the order of sev-
eral times (i.e., several carrier cycles). For UWB-ABSwith
small relative bandwidth this implies that the supports of
the distorted pulses will be shorter than the bin duration ,
so that each MPC covers only one bin, and, according to the
tapped delay line model [14], might as well be described by a
delta function. However, for UWB-REL, the distorted pulses
might span several delay bins. Hence, if these distorted pulses
were represented by delta functions using the tapped delay line
model, each distorted pulse would result in several delta func-
tions (i.e., so called phantomMPCs would be introduced). Delta
functions corresponding to the same MPC would have fixed in-
terarrival delays and mutually correlated amplitudes and
phases. Hence the uncorrelated scatterers (US) assumption [15]
no longer applies, and this no longer corresponds to the SV
model (which assumes random interarrival delays and uncor-
related amplitudes and phases).
An additional problem is that every MPC sees a different dis-

tortion and hence has a different pulse shape , as has re-
cently been pointed out by Haneda et al. [16]. (Otherwise the ef-
fect of this frequency dependence could have been incorporated
simply by convolving the expression in (5) with the common
distorted pulse shape , thereby completely separating the
effects of multipath interference and distortion of the individual
MPCs.)

B. Arrival Delay Statistics

Another important physical assumption, both in Turin’s
model and in the SV model, is the completely random distribu-
tion of scatterers (or more precisely, reflection points), leading
to the Poisson arrivals of resolved MPCs in WB systems.
However, as the absolute bandwidth of the system in-

creases, the bin duration decreases, and more and more
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individual MPCs can be resolved, with smaller and smaller
interarrival delays. When the “spatial resolution” (where
is the speed of light in vacuum) becomes smaller than

the sizes of some of the dominant scattering objects, many
combinations of MPCs with small interarrival delays should
be attributed to reflections upon the same object. This has two
important consequences.
First, both the excess arrival delays and amplitudes of the

MPCs can no longer be assumed independent. This is yet an-
other reason why the US assumption breaks down (next to pulse
distortion), and the MPC arrival process can no longer be as-
sumed memoryless.
Moreover, small interarrival delays will occur relatively often

(i.e., more frequently than the exponential distribution would
predict). This was actually observed by Chong et al. [17], [18],
and led to the extension from the exponential distribution for the
MPC interarrival delays to a mixed-exponential distribution in
the IEEE 802.15.4a models [4], [5].
In fact, at some point the notion of isolated physical MPCs

and hence this way of reasoning becomes debatable, as the
spatial resolution becomes so fine that the corresponding in-
teracting objects (or parts of those objects) can no longer be
considered as scattering objects. In such case one might argue
that pulse broadening then becomes a matter of frequency-de-
pendent interaction (such as diffraction), leading to the notation
in (8), rather than multipath propagation. In other words, it is
not possible to count the number of isolated physical MPCs in
an unambiguous way.

C. Small-Scale Fading Statistics

As the absolute bandwidth and hence the number of resolv-
able MPCs increases, the number of physical MPCs combining
to one resolvableMPC decreases. Despite the ambiguity on how
to count the isolated physical MPCs (as discussed above), it is
clear that, at some point, most of the remaining physical MPCs
in one bin can no longer be assumed mutually independent,
simply because they are scattered off the same object.
Hence the Central Limit Theorem no longer applies, so the

small-scale fading statistics (i.e., around a given local mean)
are no longer Rayleigh. Several alternative fading distributions
(such as lognormal, Rice, Nakagami and Weibull) have been
proposed. Some authors also found that the fading depth in-
creases for increasing propagation delay [19].

D. Spatial Variation Levels of Random Variables

Apart from the arrival delay and fading statistics themselves,
the way in which these statistics should be measured also
changes when extending the application of the model from WB
to UWB channels. This is illustrated by considering the spatial
variation levels of the RVs that are involved. For simplicity, we
only consider movement of the Rx, although similar reasonings
can be applied to movement of the Tx and movement of the
scatterers.
When the Rx moves over a distance , the arrival delay

of a particular MPC (resolvable or not) changes by an amount
, where is the angle between the direction

of arrival of the MPC and the direction of movement of the Rx.
The corresponding change in phase is .

The amplitudes and phases of the resolvable
MPCs are determined by the amplitudes and phases of sev-
eral nonresolvable MPCs arriving in the same delay bin, which,
in general, have different values of . Therefore, a significant
change in value of the amplitudes and phases of the resolvable
MPCs can be expected when is the order , i.e.,
when the spatial variation is in the order of a fraction of the
wavelength . Hence, uncorrelated samples of the ampli-
tude and phase can be taken by varying the position of the Tx
and/or Rx on the order of the wavelength. Taking many of these
samples, the local fading statistics can be estimated.
An important condition for estimating the fading statistics

in this way is that the actual statistics can indeed be assumed
stationary over these positions. In other words, the other RVs,
i.e., the excess arrival delays of the resolvable MPCs, the
cluster arrival delays , and , the average energy of the
first MPC in the first cluster, should all be constant in that area.
First of all, this requires the path loss and large-scale fading

to be more or less constant. The corresponding restriction to the
spatial variation scale depends on the frequency and the distance
between the Tx and Rx, but not really on the considered band-
width, so we do not further consider this here.7

The situation is different for changes in excess arrival delays
of the resolvable MPCs. These can be considered signifi-

cant when they are in the order of the bin duration or more;
this would result in MPCs moving from one bin to the other,
leading to a change in the fading statistics. From the above it
follows that this occurs when the spatial variation is in the
order of or more.8

Hence it can be concluded that the amplitudes and phases
can be assumed significantly different while still satisfying the
same conditional statistics, if the spatial variation is more than
a fraction of the wavelength but less than . Note that
this is only possible for small relative bandwidths . For
UWB-REL, the two spatial variation levels can no longer be
clearly separated. The interpretation of this phenomenon and its
influence on the collection of channel parameters will be con-
sidered in further detail in Section IV.H.
From (4) it follows that the mean and standard deviation of

the interarrival delays are both equal to . In that sense, it
takes displacements in the order of several times (which
is larger than for sparse channels) before the MPC excess
arrival delays can be considered as RVs that are governed by (3)
and (4).

7Assuming that at least the shape of the fading distribution (for instance
Rayleigh or Nakagami) can be assumed consistent over a larger area, and that
only parameters such as the mean square amplitude change from one local area
to the other, the fading statistics collected over several local areas can be com-
bined by applying the proper normalization [20]. However, in this paper we only
consider how to interpret the conditional statistics as local statistics; whether
these local statistics can be generalized to statistics describing the complete en-
vironment is considered outside the scope of this paper.
8Two sidenotes should be made here. First, in fact only the MPCs coming

in along (or opposite to) the direction of movement will move significantly.
Second, the tapped delay line model is only an approximation; if the MPC does
not arrive in the center of a bin, there is spill-over of energy in adjacent bins,
which increases as the MPC moves towards the border of the bin. Hence MPCs
do not really “hop” from one bin to another, but rather move gradually. The
main point remains valid though: fading statistics can be considered constant
for spatial variations much smaller than , and they change significantly
for spatial variations larger than .
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TABLE I
SV MODEL PARAMETERS VALUES USED IN THE EXAMPLES

IN THIS PAPER (FROM [1])

Basically the same spatial variation scale applies to the MPC
excess arrival delays and cluster arrival delays . The
arrival delay of the first MPC in a cluster is equal to the arrival
delay of that cluster, so when the Rxmoves over a distance
towards a cluster of scatterers (or towards a superscatterer), the
arrival delay of the corresponding cluster of MPCs will change
by one bin duration , and can be considered significant. A
(somewhat artificial) distinction can be made between the spa-
tial separation scales when we consider dense channels, i.e.,
channels with MPC arrival rate that is much larger than the
bandwidth , so that the mean number of MPC arrivals per bin

is high, and their relative variation is low. In other words,
individual MPC arrivals (and hence changes in their arrival de-
lays) are no longer visible in the PDP (we will consider this in
more detail in Section IV.E), but the clusters are visible as en-
velopes with duration . From this perspective, changes in the
cluster arrival delays can be considered insignificant when they
are smaller then , i.e., for spatial variations smaller than .
The mean and standard deviation of the cluster interarrival de-
lays are equal to , so in that sense, changes in the cluster ar-
rival delays can be considered significant for spatial variations
on the order of several times .

IV. POWER DELAY PROFILES OF THE
SALEH-VALENZUELA MODEL

In this section analytical expressions for the average PDP and
related channel properties will be provided for different levels
of the ensemble averaging, based on the classical SV model de-
scribed in Section II.B and spatial variation levels discussed in
Section III.D. These expressions will be illustrated by numer-
ical examples based on the original parameter values that Saleh
and Valenzuela found [1], which are given in Table I.
As a matter of fact, several analyses on different versions

of the SV model can be found in literature (among others
[21]) based on more general versions of the model and more
sophisticated mathematical tools than we will present here. The
main purpose of the analytical results presented in this section
is to establish a clear definition of the different ensemble
averaging levels, and to discuss their physical interpretation as
local channel properties, linking them to the spatial variation
scales discussed in Section III.D. We limit mathematical rigor,
and base our analysis on the simplest possible version of
the model.9 As discussed in Section III.D, the notion of the
different averaging levels and their corresponding spatial er-
godicity is especially important when we consider the extension
to UWB-REL channels, and helps to illustrate some funda-

9Note that our aim is to illustrate the notion of the different averaging levels
and spatial variation levels, rather than to give an accurate prediction of what
could be measured in practice.

mental differences between the characterization of UWB-ABS
channels and UWB-REL channels.
The analysis will initially be based on the assumption of low

relative bandwidths (UWB-ABS), so that the notation with delta
functions in (5) can be used, and the spatial variation scales for
small-scale fading and arrival delays can be clearly separated.
We start with the definition of the PDP and some related channel
properties, and then derive analytical expressions for the cases
in which these properties are averaged over small-scale fading,
the MPC excess arrival delays and the cluster excess arrival
delays, respectively. Then we discuss the case in which these
properties are also averaged over the absolute arrival delay ,
i.e., the arrival delay of the very first MPC. Finally, we consider
the case of UWB-REL, where the notation with the delta func-
tions breaks down and the spatial variation levels of small-scale
fading and arrival delays can no longer be separated.

A. Definition of Power Delay Profile

The PDP specifies the power (energy density) of a signal
received through a multipath channel as a function of delay
[14]. For a finite-valued impulse response (i.e., in case
of a band-limited transfer function), this can be described by

, since the received power as a function of time
is equal to when the transmitted signal is equal
to a delta function . In measurements this bandwidth limita-
tion is either intrinsic to the hardware that is involved, or to the
processing that is performed (for instance because the inverse
FFT of the transfer function measured over a limited frequency
window is taken). The “average PDP” is then measured by spa-
tially averaging the measured over an appropriate local
area.10 The analytical equivalent (i.e., ensemble-averaged PDP)
is given by

(9)

where is the autocorrelation function of

(10)

In case of the SV model, is given by (5) and the autocor-
relation function becomes

(11)

Note that the impulse response (5) is written as a sum of delta
functions, so it is not band-limited. Defining the PDP as in
(9) would hence introduce a singularity problem; the resulting
PDP would contain squared delta functions, so it would not be
possible to derive for instance mean delay or delay spread from
it. The common way to overcome this analytical inconvenience
in case of a wide-sense stationary uncorrelated scatterers
(WSSUS) channel [15] is by defining the PDP in a different
way, namely by writing the autocorrelation function as [14]

(12)

10What should be considered an appropriate local area will be discussed in
Sections IV.C– IV.H.
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where is the delay cross power spectral density, which, in
case of a static channel, is denoted as PDP, even though that is
not consistent with (9). (It can be verified that then repre-
sents the instantaneous received power as a function of
time when the instantaneous power of the transmitted
signal is equal to a delta function .)
In our case we can write (11) in the form of (12) by as-

suming that, upon taking the expected value, the phases
are treated as independent uniformly distributed RVs, so that
only the terms with and remain, resulting in

(13)

Note, however, that implementing the WSSUS assumption in
this way in fact already involves averaging over the phases. Al-
though this is indeed the appropriate first averaging step for
UWB-ABS (because the small-scale fading has the smallest
spatial scale of variation, as was discussed in Section III.D and
will be further discussed in Section IV.D), we should strictly
speaking also average over the amplitudes (i.e., substitute (7)
into (13)) to complete the averaging over the small-scale fading.
Nevertheless, we can justify dropping the terms with or

by noting that these denote the cross terms between dif-
ferent MPCs; these do not appear in the PDP for fixed values of
the arrival delays, simply because these values are all different,
and the delta functions have zero duration.11

As a result, we find that the autocorrelation function of the
channel impulse response is equal to the sum of the autocorre-
lation functions of the individual MPCs (the cross correlation
functions are zero), and the expression within the braces in (13)
denotes the PDP before doing any averaging. The evaluation of
the ensemble average depends on the RVs over which the aver-
aging is performed, and can be expressed in the contributions of
the individual clusters by writing

(14)

where

(15)

is the PDP per cluster. The averaging in (15) depends on the
RVs over which the averaging is performed, but does not in-
clude possible averaging over the cluster arrival delays ;
that averaging step should be taken only after substitution in
(14) (and is then the only remaining averaging step).

B. Additional Channel Properties

The channel impulse response can also be described in more
condensed parameters, that follow from the moments of the

11As Saleh and Valenzuela already pointed out [1], the overlap betweenMPCs
does become relevant in case of transmitted pulses with finite durations in the
same order as differences between the arrival delays. They solved this issue in
their measurements by sweeping the carrier frequency of their pulses and aver-
aging the measured PDP over the sweeping window. Hence they could resolve
paths that were separated by delays at least as large as the inverse of the window
width.

PDP. The mean power gain , the mean excess delay and
RMS delay spread can be derived from the PDP as [14]

(16)

(17)

(18)

For aWSSUS channel the frequency correlation function (FCF),
which is the autocorrelation of the transfer function , only
depends on the frequency difference , and is given by the
Fourier transform of the PDP [14]12

(19)

In terms of the notation in (14) and (15), these become

(20)

(21)

(22)

(23)

where

(24)

(25)

(26)

(27)

are the corresponding properties per cluster. Again, the evalu-
ation of all these channel properties depends on the RVs over
which the ensemble averaging is performed, and the averaging

12Note that the FCF is fundamentally different from the second-order power
spectral characteristics that are derived in [22] and [23]; the latter concern the
(normalized) autocovariance function of the power transfer , whereas
the FCF is the autocorrelation of the transfer function itself. Relating
them is far from straightforward due to the complicated underlying statistics of

. Since the (complex) FCF is the most general of the two (it describes both
the power and phase transfer) and has a very simple relation to the PDP, we only
consider the FCF here.
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Fig. 1. Example of an analytical PDP for a given channel realization, normal-
ized to the expected energy of the first MPC. The positions and heights of the
vertical lines correspond to the arrival delays and normalized energies of the
MPCs, the dashed lines represent the exponential decay of the average MPC
energy in each cluster, and the dotted line represents the exponential decay of
the average cluster energy.

in the properties per cluster does not include the averaging over
the cluster arrival delays .

C. Channel Properties for Known Values of the Channel
Variables

Initially we consider the scenario in which we assume that the
positions of Tx, Rx and scatterers are fixed, and that the values
of all channel variables are known (for instance
using estimation strategies based on knowledge of the model
structure [7]). The PDP, mean channel gain, mean delay, RMS
delay spread, and FCF then follow by simply substituting these
values in (14), (15), and (20) through (27), without doing any
averaging.
As a numerical example, a simulation was run in Matlab in

which these parameter values were generated according to the
probability distributions specified in Section II.B and the model
parameters specified in Table I. The resulting PDP is normal-
ized to the expected energy of the first MPC, and plotted in
Fig. 1. The clusters of MPCs starting at ns,

ns and ns are clearly visible. The energies
of the first MPC in each cluster roughly follow the exponen-
tial envelope indicated by the dotted line, while the remaining
MPCs in each cluster roughly follow the exponential envelopes
indicated by the dashed lines. The fluctuation around the en-
velopes is due to the Rayleigh fading. The total power gain is
2.5 times the expected energy of the first MPC, the mean excess
delay is 32 ns, and the RMS delay spread is 52 ns.
The magnitude of the corresponding FCF is normalized to
and plotted as a function of the frequency difference in

Fig. 2. An important observation here is that the FCF purely
consists of complex harmonic terms due to the known values of
the arrival delays . Therefore the FCF does not decay
to zero for large values of . In this case the shape of the FCF
is strongly influenced by the dominating first three MPCs in the
PDP, which occur at ns, and

ns, introducing strong harmonic terms in the
FCF with periods MHz and MHz,
respectively.
Note that the PDP and FCF were calculated and plotted

without considering that the bandwidth will be limited in
general. In practice, the contribution of individual MPCs will
have a finite duration because of this bandwidth limitation.
Moreover, two MPCs might have a delay difference that is too

Fig. 2. Example of the magnitude of an analytical FCF for a given channel
realization, normalized to the overall power gain.

small to resolve them. With a tapped delay line model in mind,
this means that the MPCs arrive in the same delay bin (with
duration ), and, as result, will interfere, leading to one
resolvable MPC with a total energy that depends on the phase
difference between the two MPCs. The WSSUS assumption
is no longer satisfied, so the measured FCF will depend not
only on the frequency difference , but also on the absolute
frequency . (In fact the derived expression will only be valid
for absolute frequencies below the bandwidth.)

D. Channel Properties Averaged Over Small-Scale Fading

Amore common way to define the PDP is to average over the
small-scale fading, i.e., over the random amplitudes . This
results in the PDP for given (known) values of the cluster arrival
delays andMPC excess arrival delays . As discussed
in Section III.D, this physically makes sense for UWB-ABS,
because the amplitudes then rapidly change with displacement
of Tx, Rx or scatterers, while it takes larger displacement to
note significant changes in the arrival delays of the MPCs and
clusters; as long as the relative bandwidth is small, spatial
variations on the order of a wavelength will change the fading
amplitudes (i.e., the difference in height between the peaks and
the envelopes in Fig. 1) but not the arrival delays (the positions
of the peaks and envelopes in Fig. 1). This suggests that the
corresponding average PDP can then be measured by averaging
over a spatial grid of several wavelengths wide, and it can be
used to identify the MPCs and study their arrival delays.
The corresponding analytical results are given by (14) and

(20)–(23), where the averaged properties per cluster can be
found by substituting (7) in (15) and (24)–(27), resulting in

(28)

(29)

(30)

(31)

(32)

where .
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Fig. 3. Example of an analytical PDP for given MPC and cluster arrival delays
(i.e., averaged over small-scale fading), normalized to the expected energy of
the first MPC. The positions and heights of the vertical lines correspond to the
arrival delays and normalized average energies of the MPCs, the dashed lines
represent the exponential decay of the average MPC energy in each cluster, and
the dotted line represents the exponential decay of the average cluster energy.

Fig. 4. Example of an analytical FCF for given MPC and cluster arrival delays
(i.e., averaged over small-scale fading), normalized to the mean overall power
gain.

As a numerical example, the variables that were generated in
the previous subsection were substituted in the equations above,
(14), and (20) through (23) (i.e., no new simulation was run).
The resulting normalized PDP and FCF are plotted in Figs. 3 and
4, respectively. The energies of the MPCs now clearly follow
the exponential envelopes; the effect of fading has been aver-
aged out. The total power gain is now 2.6 times the expected
energy of the first MPC, the mean excess delay is 30 ns, and the
RMS delay spread is 52 ns. Note that the third MPC in Fig. 3
has become less significant due to the averaging, so that the har-
monic term with period of 24 MHz has become almost invisible
in Fig. 4.
The same considerations for bandwidth limitation apply as

for the previous numerical example. The only difference is that
the average energies of MPCs in the same bin now simply add
up, as the effect of the random phase difference has been aver-
aged out.
Another aspect to reconsider here is the physical motiva-

tion for the exponential envelopes that we gave at the end of
Section II.B. In order to randomize the actual losses described
there (and hence achieve a spatial average approaching the ex-
ponential envelopes derived above), variations over a spatial
scale larger than the wavelength are required, but this would
also randomize the arrival delays. We will come back to this
ergodicity issue in the next subsection, but this already shows
that spatially averaging measured PDPs is not likely to result in
an average PDP containing individual MPCs spanning only one

delay bin while following perfectly exponential envelopes (as
in Fig. 3).

E. Channel Properties Averaged Over Small-Scale Fading
and MPC Excess Arrival Delays

For larger displacements (in the order of ) the MPC ex-
cess arrival delays will also start to vary significantly and
should also be treated as unknowns. For displacements as large
as several times , we can consider them as RVs that are gov-
erned by (3) and (4). As discussed in Section III.D, this strictly
speaking implies that the arrival delay of the first MPC in each
cluster, and hence the cluster arrivals delays , should also
be treated as unknowns, but we consider these as known and
fixed for the moment (albeit a bit artificial). We will come back
to this later.
TheMPC arrivals in the clusters can now be considered as ho-

mogeneous Poisson processes with known starting times ,
so the overall arrival process can be considered as an inhomo-
geneous Poisson process with an arrival rate that increases in
steps, at known delay instants

(33)

where is the unit step function. The unit-area delta func-
tions indicate the certain arrival of the first MPC in each cluster
at known arrival delay , while the step functions indicate ho-
mogeneous Poisson arrivals of the remaining MPCs in each
cluster. The occurrence of the delta function can be debated as it
exactly marks the discrepancy noted earlier; if the excess arrival
delays of the remaining MPCs are not known precisely, then the
arrival of the first MPC in each cluster will also not be known
precisely. We will come back to this again after the derivation
of the average channel properties.
The average PDP follows by averaging (28) over the MPC

excess arrival delays , using (3) and (4). Likewise, the ex-
pected values over the summations in (29) through (32) can be
found, leading to the other averaged channel properties. Alter-
natively, Campbell’s theorem can be applied [21], as the indi-
vidual clusters govern homogeneous Poisson processes. Either
way, the results are given by

(34)

(35)

(36)

(37)

(38)

As a numerical example, the parameter values that were ob-
tained in the previous two subsections were substituted in the
equations above. The resulting normalized PDP and FCF are
plotted in Figs. 5 and 6, respectively. The total power gain is
now 5.3 times the expected energy of the first MPC, the mean
excess delay is 25 ns, and the RMS delay spread is 45 ns.
(The lower values of and higher values for and in the
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Fig. 5. Example of an analytical PDP for given cluster arrival delays (i.e., av-
eraged over small-scale fading and MPC arrival delays), normalized to the ex-
pected energy of the first MPC. The positions and heights of the vertical lines
correspond to the arrival delays and normalized average energies of the first
MPC in each cluster, the tilted solid lines represent the average PDP due to the
remaining MPCs in the clusters, and the dotted line represents the exponential
decay of the average cluster energy.

Fig. 6. Example of an analytical FCF for given cluster arrival delays (i.e., aver-
aged over small-scale fading and MPC arrival delays), normalized to the mean
overall power gain.

previous examples should be attributed to the relatively late ar-
rivals of MPCs in the first cluster.)
Obviously, for known cluster arrival delays, the average PDP

consists of cluster contributions with consistent shapes (and
hence consistent values for the mean excess delay and RMS
delay spread per cluster). Each cluster contribution consists
of one discrete contribution, corresponding to the first MPC
with the known arrival delay, and an exponential continuous
contribution, corresponding to the exponential envelope of the
remaining MPC amplitudes.
Again, the occurrence of the delta function can be debated

here. As discussed in Section III.D, introducing a spatial vari-
ation that is sufficient for randomizing the MPC arrival delays,
would also blur the knowledge of the precise arrival delay of
the cluster. Since the model is based on the assumption that the
start of the cluster is marked by the arrival of the first MPC in
that cluster, exact knowledge of the arrival delay of a cluster
implies exact knowledge of the arrival delay of that first MPC.
Therefore, the above-mentioned discrepancy in our interpreta-
tion of the model could be removed by making a slight change
to the model, namely by simply removing the first MPC in each
cluster. In other words, we start counting from instead
of in (5), so that the excess arrival delay of the first
MPC in each cluster becomes , which is Poisson-distributed
instead of known. As Saleh and Valenzuela pointed out, this
hardly makes a difference to the overall model when ;

the number of significant MPCs is then so large that it is hardly
changed by removing the first MPC in each cluster, and the
statistical behavior of the total arrival delay of the
remaining MPCs stays roughly the same. Besides the conve-
nience this brings in the way we interpret the model (where con-
ditional statistics are interpreted as local statistics), the analyt-
ical results also become a lot simpler; the delta functions in the
cluster arrival rate and cluster PDP disappear, the
horizontal asymptote in the cluster FCF disappears (we
will come back to this later), and the average gain, mean excess
delay and RMS delay spread per cluster are then simply given
by and .13 On the other hand, one
could advocate that at least the arrival delay of the first MPC in
the first cluster (with ) remains known upon spatial
fluctuation, assuming that the Rx remains synchronized to the
Tx. (We will come back to this in Section IV.G.) With this as-
sumption the MPCs with should be omitted in all clusters
except the first (with ). Nevertheless, for completeness, we
proceed our discussion here with the model including the MPCs
with in all clusters.
The correspondence between the exponential parts of the

PDP in (34) and the exponential envelopes of the MPC ampli-
tudes in (28) immediately follows from Campbell’s Theorem
and the fact that the individual arrival processes for the different
clusters are all homogeneous [21]. It can also be found from
the following interesting interpretation. By averaging over the
excess arrival delays, the delta functions in (28) are basically
replaced by the corresponding probability density functions of
, which are Erlang for

(39)

(For , we have so .) Hence, the
individual MPCs (except the first in each cluster) are delay-dis-
persed due to the averaging, with increasing dispersion for later
MPCs. It can be shown that the contributions of the individual
MPCs in a cluster sum up to the rate function per cluster in (33),
i.e.,

(40)

The resulting cluster PDPs hence have the same shape as the
exponential envelope in (28).14

Due to the consistent and gradual shape of the PDP per
cluster, the FCF now has a much smaller width, in the order
of MHz. It still does not decay to zero for large
values of ; there is a horizontal asymptote due to the known
arrival delays of the first MPCs in each cluster, most notably
the first one. As argued before, the latter makes sense with the
assumption that the Rx remains synchronized to the Tx upon
spatial fluctuation. We will come back to this in Section IV.G.
The small ripple is caused by the known arrival delay of the

13This is probably the reason why this modified version of the model has
already appeared in literature numerous times.
14It can be shown that this is not the case when for example a mixed expo-

nential distribution is assumed for the MPC interarrival delays, as is done in the
IEEE 802.15.4a models [4], [5].
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(low-energy) second cluster, resulting in a ripple period of
MHz.

Note that a bandwidth limitation would now hardly affect the
shape of the PDP (except for the delta functions), because the
exponential functions already have a gradual shape. This is ex-
actly why this is a very common averaging level to describe
the PDP in case there is insufficient resolution to see individual
MPCs, i.e., delay bins of width typically contain more than
one MPC. However, in general the number of arrivals per bin
will be random due to the random arrival delays, so the mea-
sured PDP would not follow the exponential envelope (unless
the channel were dense, i.e., the arrival rate were much larger
than the bandwidth , but then there would be no point in ex-
plicitly modeling the arrival delays of the individual MPCs).
Also note that the result represents the expected channel prop-

erties, i.e., the channel properties that can be expected to bemea-
sured when the positions of the Tx and/or Rx are varied over dis-
tances in the order of . This will not necessarily be equal
to the average properties that are indeed obtained by averaging
the results that are acquired at the individual positions in that
local area. This follows from the following geometrical consid-
eration.
• When the Tx or Rx is directly surrounded by the scatterers
corresponding to the MPCs that are considered, varying its
position will change the directions of the incoming MPCs,
randomizing the fluctuation of their arrival delays.

• However, when a cluster of scatterers somewhat further
away from the Tx and Rx is considered, fluctuating the
positions of the Tx and Rxwill hardly change the directions
of the incoming MPCs, and hence the differences between
the arrival delays will hardly change.

In other words, the impulse response of the channel as a func-
tion of the Tx/Rx position cannot be considered as a spatially
ergodic process, even when its statistics can be considered sta-
tionary in that area. An important consequence of this notion is
that the expected channel properties and statistics of the MPC
arrival delays for given values of the cluster arrival delays can
in general (especially for later clusters) not be obtained simply
by varying the positions of the Tx and/or Rx; the positions of
the relevant scatterers would need to be varied as well. Alter-
natively, the statistics can be collected by considering a larger
area, but then the acquisition is complicated by the fact that the
statistics might no longer be considered stationary in that area.

F. Channel Properties Averaged Over All Random Variables

For even larger displacements (i.e., in the order of or
larger), the variations in the cluster arrival delays also
become significant, so these could also be treated as (unknown)
RVs. Considering them as a Poisson sequence results in an
overall MPC arrival process with intensity function [21]

(41)

The expected PDP and other channel properties can then be
found by substituting the results of the previous subsection in
(20) through (23), and averaging over the cluster arrival delays

Fig. 7. Example of an analytical PDP averaged over all random variables
(small-scale fading and all arrival delays), normalized to the expected energy
of the first MPC. The position and height of the vertical line corresponds to the
arrival delay and normalized average energy of the first MPC, the tilted solid
line represents the average PDP due to the remaining MPCs, and the dotted
line represents the exponential decay of the average cluster energy.

Fig. 8. Example of an analytical FCF averaged over all random variables
(small-scale fading and all arrival delays), normalized to the mean overall
power gain.

in the same way as we averaged over the MPC excess ar-
rival delays in the previous subsection, resulting in

(42)

(43)

(44)

(45)

(46)

As a numerical example, the model parameter values in Table I
were substituted in the equations above. The resulting normal-
ized PDP and FCF are plotted in Figs. 7 and 8, respectively. The
average power gain is now six times the expected energy of
the first MPC, the mean excess delay is 26 ns, and the RMS
delay spread is 39 ns.
The effect of the averaging over the cluster arrival delays
can be interpreted in a somewhat similar way as the effect
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of the averaging over the MPC excess arrival delays on
the PDPs of the individual clusters, as described in the previous
subsection. The individual cluster PDPs get dispersed, with in-
creasing dispersion per cluster.
In this particular example we have so that clus-

ters hardly overlap, and so that the received energy
tends to be dominated by the energy received in the first cluster.
Therefore, the early part of the overall PDP is dominated by
the PDP of the first cluster (which has a known arrival delay

, and decays with time constant ns), while the
remaining part consists of the dispersed contributions of the re-
maining clusters (and decays with time constant ns).
Nevertheless, the shape of the overall FCF is also dominated

by the first cluster, and is hence nearly equal to the shape of the
individual cluster FCF (i.e., the multiplication in the second line
of (46) hardly has any influence). The FCF still does not decay
to zero for large values of due to the known arrival delay of
the first MPC . The ripple has disappeared because all other
arrival delays are now considered unknown.
Basically these results indicate what can be expected when

nothing is known about the channel realization, except for the
arrival delay of the very first MPC (we will come back to
this in Section IV.G) and the type of environment (and hence
the model parameter values). Note that a similar argument re-
garding spatial ergodicity of the cluster arrival delays can
be held as we did in the previous subsection for the MPC excess
delays . Hence these analytical results have only little re-
lation with the average results that will be obtained upon spatial
averaging around a certain local point, no matter how large the
considered area is. At least several different scenarios have to
be considered in order to measure a spatial average that will re-
semble this analytical result.

G. Channel Properties Averaged Over Absolute Arrival Delay

In all analytical expressions derived so far, the actual depen-
dence on the absolute arrival delay (which is obviously re-
lated to the distance between the Tx and Rx) was removed by
simply setting it to zero, for convenience. However, as pointed
out in footnote 4, we can put the dependence back in by re-
placing by in the expressions for the PDP, for instance
(42). Likewise, the dependence of the FCF can be restored
by multiplying it by .
When the distance between the Tx and Rx is not known,

should be considered as an RV as well. This corresponds to a
scenario in which we initially have absolute synchronization be-
tween the Tx and RX, and then randomly move one (or both) of
them. (This can occur for instance in channel sounding.) The
average PDP can be found by averaging the -dependent PDP
over . In other words, (42) (or any of the other expressions for
PDP, depending on the knowledge of the other RVs) should be
convolved with the probability density function of , resulting
in a further delay-dispersed PDP, and a narrower FCF that now
decays to zero for large values of , because we no longer
have any known arrival delays.15

15Deriving actual expressions requires additional assumptions on the proba-
bility density function of , which obviously depends on the joint statistics of
the Tx and Rx locations.

H. Average Channel Properties in Case of Large Relative
Bandwidths

The situation changes for UWB-REL. First of all, as dis-
cussed in Section III.A, the notation with the delta functions in
(5) can no longer be applied and should be replaced by (8). The
definition in (9) should then be used for the PDP instead of (12),
resulting in

(47)

The pulse shapes of the individual MPCs have fi-
nite supports and will typically span more than one delay bin
in case of UWB-REL. Hence, even when all channel variables

and the pulse shapes are fully
known (i.e., no averaging is performed), we already observe two
new phenomena.
1) The autocorrelation terms (the ones with and

, i.e., corresponding to the same MPC) are given by
and typically span more than

one bin.
2) MPCs will overlap in case the corresponding values of the
total arrival delay differ by an amount that is less
than the supports of the individual pulse shapes, resulting
in cross-correlations terms, i.e., additional fading in the
delay bins where these MPCs overlap.

Second, as discussed in Section III.D, the spatial variation scales
of the small-scale fading and the MPC arrival delays are in the
same order. In other words, performing the averaging in (47)
over the small-scale fading while keeping the MPC arrival de-
lays fixed (as we did in Section IV.D), has no physical
meaning in case of UWB-REL. Without going into further ana-
lytical detail, we can see that small spatial variations have sev-
eral effects on the RVs in (47) and hence several simultaneous
effects on the PDP.
• The amplitudes (and phases ) fluctuate, due to
fluctuations in the small-scale fading (mainly due to phase
fluctuations of nonresolvable MPCs).

• The cluster and MPC arrival delays also fluc-
tuate, resulting in a fluctuation of the way in which the
energy of individual MPCs (the autocorrelation terms)
is distributed over different bins, and a fluctuation of the
fading in the bins where MPCs overlap (the cross-correla-
tion terms). In short, the fading statistics per bin fluctuate.

When spatial averaging is performed, the cross-correlation
terms will be attenuated in the observed average PDP, and the
fluctuation due to small-scale fading will be more or less aver-
aged out, but the fluctuation of the arrival delays will introduce
an additional dispersion of the average autocorrelation terms.
When larger displacements are considered, the MPC interar-

rival delays can be considered exponentially distributed RVs.
Ensemble-averaging will then result in the same PDP and other
channel properties as derived in Section IV.E, assuming that
the dispersion due to the individual pulse distortions can be ne-
glected compared to the dispersion due to the averaging over the
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MPC excess arrival delays. In other words, the result of the en-
semble averaging does not depend on the order of the averaging
levels.
The additional effects of the pulse distortions and overlap-

ping spatial variation levels have two important consequences
for the way in which model parameters are extracted from mea-
surements in case of UWB-REL.
1) It is not possible to fluctuate the Tx and/or Rx position in
such a way that independent samples of the fading ampli-
tudes are obtained while fixing the arrival delays and hence
the fading statistics. Hence it is impossible to derive the
fading statistics of resolvable MPCs without tracking indi-
vidual MPCs and/or resolving MPCs from different direc-
tions using an antenna array.

2) It is not possible to average out the effect of small-scale
fading from measured PDPs without introducing signifi-
cant delay dispersion. Next to the unavoidable dispersion
due to pulse distortion this will result in a duplication of
MPCs when the spatial average is taken, leading to an over-
estimation of the probability density of small interarrival
delays.

V. CONCLUSION

As proven by measurements in many earlier papers, the SV
model is a suitable model for describing the stochastic behavior
of the amplitudes, phases and arrival delays of MPCs in WB
propagation channels, provided that the scattering objects in the
propagation environment are randomly located. In this paper we
have given a detailed physical motivation for the structure of the
model, showing that the double-Poisson arrivals of MPCs in
clusters is a plausible approximation for the channel behavior
when the propagation environment contains randomly located
“superscatterers” and/or randomly located clusters of scatterers.
The physical motivation has been reconsidered for the case

when the SV model is applied to UWB channels. The complex
baseband equivalent notation can then still be used, but, for large
relative bandwidths, the distortion of the individual MPCs be-
comes significant, and needs to be modeled explicitly. For large
absolute bandwidths, the spatial resolution goes below the size
of the dominant scattering objects, introducing correlation be-
tween MPCs reflecting upon the same object, and the fading per
resolvable MPC can no longer be assumed Rayleigh.
Another important distinction between WB and UWB-REL

channels is the overlap of spatial variation scales for small-
scale fading and excess arrival delays in UWB-REL channels. In
other words, it is not possible to obtain uncorrelated samples of
the fading amplitudes (or even average out the effect of fading),
while fixing the excess arrival delays and hence the fading sta-
tistics. As a result, the statistics of the fading amplitudes and
MPC arrival delays cannot be extracted in the same way as for
WB channels.
The spatial variation scales and their interpretation were

further illustrated by deriving expressions for the channel
properties (PDP, mean excess delay, RMS delay spread, and
FCF), ensemble-averaged over the fading amplitudes, MPC
arrival delays and cluster arrival delays, respectively. These
different levels of averaging reflect to what degree the values
of the channel variables are known, and correspond to different
levels of fluctuation of the Tx, Rx, and scatterer positions.

The notion of these ensemble averaging levels and their re-
lation to the spatial variation levels is important for thoroughly
understanding the meaning of the SV model and hence appro-
priate extraction of the model parameters from measurements,
but also for system design and performance evaluation.
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