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Effects of Bandwidth on Observable Multipath
Clustering in Outdoor/Indoor Environments for

Broadband and Ultrawideband Wireless Systems
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Abstract—A multipath-clustering phenomenon, which is caused
by the fact that scatterers tend to group together in realistic
environments, has a significant impact on the channel capacity.
For a band-limited system, due to the limitation of the signal time
resolution, observable multipath-clustering is affected not only
by propagation environments but also by the signal bandwidth.
Since a larger bandwidth gives better time resolution, it is possible
to observe more multipath components and, therefore, stronger
clustering effects. In this paper, a new method based on the ∆−K
model for multipath times of arrival (TOAs) is proposed to inves-
tigate and quantify the effect of signal bandwidth on observable
multipath clustering. Furthermore, to completely characterize the
time dispersion characteristics of the channel, a statistical model
using a power ratio, a decay constant, and the Rician factor to
describe multipath averaged power decay and amplitude fading is
proposed. Newly derived formulas are given to relate the model
parameters of a wideband signal, including those of the multipath
TOA, averaged power decay, and amplitude fading, to those of a
narrowband signal. The channel parameter estimation methods
have been extensively validated by comparing the computed chan-
nel parameters with the ones extracted from the measured channel
responses of 1.95 and 2.44 GHz broadband radios in metropolitan
and suburban areas, and of 3–5 GHz ultrawideband signals in
indoors.

Index Terms—Channel impulse response, multipath clustering,
radio propagation, ultrawideband (UWB), ∆−K model.

I. INTRODUCTION

R ECENTLY, systems beyond 3G (B3G) have been actively
discussed in various forums and organizations. According

to the International Telecommunication Union Radiocommuni-
cation Sector preliminary recommendation [1], for B3G sys-
tems, new radio access technologies using a wider bandwidth
than that of the current wireless communication system are
required to support higher rate data transmissions. For instance,
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the ultrawideband (UWB) radio technology has been consid-
ered as one of the viable candidates for B3G systems due to
its potential strength to provide a high channel capacity with
an extremely wide transmission bandwidth [2]. According to
the Federal Communications Commission (FCC) regulations of
UWB radio technology and systems [3], a minimum bandwidth
limitation of a UWB radio signal is 500 MHz, and the frequency
band from 3.1 to 10.6 GHz is allowed for indoor communica-
tion applications.

In order to realize the B3G systems, a thorough understand-
ing of the time dispersion characteristics of radio multipath
propagation channels is required. In high-speed wireless data
transmission, severe frequency-selective fading of a multipath
channel causes intersymbol interference and leads to a signif-
icant problem for the systems. To solve the problem, mod-
eling of a multipath time of arrival (TOA) that is particular
on the multipath-clustering phenomenon is a fundamental and
important work. The phenomenon according to channel mea-
surements [4], [5] showed multipath arrivals in a cluster rather
than in a continuum, as is customary for narrowband channels.
This is because the scatterers are resolved in groups by the
system with fine or very fine time resolution. Modeling of this
phenomenon helps the design of an equalizer or Rake receiver,
such as the design of equalizers with unequal tap spacing or the
design of a selective Rake receiver and partial Rake receivers
[6]. In addition, in [7], it is shown that unclustered models
tend to overestimate the channel capacity as compared with the
case that multipath components (MPCs) are, indeed, clustered.
This phenomenon was found in indoor and outdoor broad-
band radio channels [4]–[6], [8], as well as in indoor UWB
channels [9]–[11].

For statistical models, the Saleh–Valenzuela (S–V) [4] and
∆−K models [8] are two well-recognized models to charac-
terize the multipath-clustering phenomenon. In the S–V model,
two Poisson models are applied to characterize this phenom-
enon. The first Poisson model describes the cluster arrival time,
and the second Poisson model describes the arrival times of
MPCs within each cluster. In the ∆−K model, the multipath-
clustering phenomenon is characterized by a modified Poisson
process, which models the path occurrence probability as a
function of whether or not a path arrival is in the previous
bin. It is noted that the ∆−K model has shown a good fit to
the empirical data that were collected in several urban [8] and
indoor environments [5], [12], [13] and has been used for UWB
indoor channel modeling [14], [15].
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Although there are many researches who are focusing on
the exploration or modeling of the multipath-clustering phe-
nomenon, few researches are focused on the effect of signal
bandwidth on observed multipath clustering so far. It is easily
understood that in the observation of multipath clustering of a
radio channel using a band-limited signal, the result is mainly
affected by the signal resolution, which is the reciprocal of the
signal bandwidth. In this paper, based on the ∆−K model, new
formulas are derived to describe the relationships between the
observed TOA model parameters of narrowband signals and
those of wideband signals. Through this approach, the effect
of signal bandwidth on the observable multipath clustering
is explored. Furthermore, to completely characterize the time
dispersion characteristics of the channel, a model using a
power ratio, a decay constant, and the Rician factor to describe
multipath averaged power delay profile (aPDP) and amplitude
fading is proposed. Formulas to relate these model parameters
of a wideband signal to those of a narrowband signal are
also derived. Here, the model parameter estimation methods
have been extensively validated by comparing the computed
channel parameters with the ones extracted from the measured
channel responses of 1.95 and 2.44 GHz broadband radios in
metropolitan and suburban areas and of 3–5 GHz UWB signals
in indoors.

II. EFFECT OF BANDWIDTH ON OBSERVABLE

MULTIPATH CLUSTERING

A. ∆−K Model

The ∆−K model is initiated by Turin et al. [16], [17] and
developed by Suzuki [8] to describe the TOAs of MPCs by
taking multipath clustering into account. In the model, the axis
of excess delay times (relative to the propagation delay of
the direct path between transmitting and receiving antennas)
is partitioned into bins with width ∆ [8]. The probability of
having a path in bin i is a function of whether or not an arrival
occurred in the previous bin and is a function of the empirical
probability of path occurrences at different delays, which is
based on measurements. It can be stated as the branching
process of Fig. 1: The probability of having a path in bin i is
equal to λi if there is no path in the (i − 1)th bin; otherwise, it
is increased by a factor K due to a multipath-clustering effect.
Note that both the path occurrence probabilities, λi and K · λi,
are equal to or less than 1. When K > 1, the process exhibits
a clustering property and large K represents a large clustering
effect. For K = 1, this process reverts to a standard Poisson
process.

It is noted that this model is applicable upon replacing K by
ki, which is a function of the bin number i [8], [12], [18]. From
the branching process shown in Fig. 1 by replacing K by ki, it
is found that Pi, which is the probability of having a path in bin
i, is equal to the sum of the probabilities (1 − Pi−1) · λi and
Pi−1 · ki · λi. After some derivations, λi is given as

λi =
Pi

(ki − 1) · Pi−1 + 1
, i ≥ 2 (1)

where λ1 = P1.

Fig. 1. ∆−K process.

It is noted that ∆ is a model parameter to be chosen [8], [16].
However, according to the assumption in these papers that each
bin contains either one path or no path, it is reasonable to set
∆ as the signal time resolution, which is a reciprocal of the
signal bandwidth, of the specific radio system [5], [13], [18].
This is because two or more paths arriving within the same
time resolution interval cannot be resolved as distinct paths
for a band-limited radio system [5]. Based on this fact, it is
expected that systems with different bandwidths may observe
different multipath-clustering phenomena and yield different
channel model parameters for a specific environment because
of the fact that the number of resolvable MPCs and clusters is
changed with signal time resolution.

B. Effect of Bandwidth on Observable Multipath Clustering

To explore bandwidth dependency of the model parameters,
which include the clustering parameter, formulas to describe
the relationships between observed model parameters of nar-
rowband signals and those of wideband signals are derived. It
is noted that the bandwidth of the wideband signal is confined
to be n times of the narrowband signal’s, where n is a positive
integer. For convenience, the parameters with a subscript f or
F correspond to those of bandwidth f or F , respectively, where
F = n · f .

1) Formulas for Wideband to Narrowband: Since a bin
width is inversely proportional to its signal bandwidth, ∆f

is equal to n · ∆F , where ∆f and ∆F are the bin widths
of the systems with signal bandwidths f and F , respectively.
Therefore, when a received path occurs at bin i of a signal with
bandwidth f , the path should arrive at one or more of the bins
covering from the (n · i − n + 1)th bin to the (n · i)th bin for
the signal with bandwidth F , which is due to the increase of the
time resolution interval.

With the above analysis, λi,f and Pi,f are derived in terms of
λj,F and Pj,F by (2) and (3), respectively. That is,

λi,f = 1 −
n∏

r=1

(1 − λA+r,F ) (2)

where A = n · i − n. Pi,f , in (3), is shown at the bottom of the
next page.
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Substituting λi,f and Pi,f into (1), ki,f is obtained. Here, let
n = 2, the analytical relationship between ki,f and k2·i−1,F is
found and written as

(ki,f −1)=(k2·i−1,F −1) · λ2·i−1,F (1−λ2·i,F )
[λ2·i,F +λ2·i−1,F (1−λ2·i,F )]

· [k2·i−2,F · λ2·i−2,F · P2·i−3,F +λ2·i−2,F (1−P2·i−3,F )]
[P2·i−3,F +λ2·i−2,F (1−P2·i−3,F )]

. (4)

On the right-hand side of (4), magnitudes of the second
and third factors are in the range of 0–1. From (4), it is
found that ki,f is smaller than k2·i−1,F if k2·i−1,F > 1. It
means that a wider bandwidth signal observes a stronger
multipath-clustering phenomenon. It is noted that k2·i−1,F

∼=
k2·i,F , which is found from measurement data and is shown in
Section V.

2) Formulas for Narrowband to Wideband: With (2) and
(3), the observed model parameters of a narrowband signal
cannot determine those of a wideband signal due to the limited
conditions. For n = 2, one extra condition is needed to deter-
mine three unknown parameters λ2·i−1,F , λ2·i,F , and P2·i−1,F

with those of bandwidth f , λi,f , and Pi,f . Here, the condition is
given by assuming λ2·i−1,F = λ2·i,F , i.e., the path arrival rates
of two neighboring bins are equal. It is because for both outdoor
broadband and indoor UWB radio channels, the multipath
excess delay time is much larger than the time resolution (bin
width). Based on this assumption, λ2·i−1,F and λ2·i,F are solved
from (2), i.e.,

λ2·i−1,F = λ2·i,F = 1 −
√

1 − λi,f . (5)

However, our assumption may lead to underestimate λ2·i−1,F

and overestimate λ2·i,F since the path arrival rate decreased as-
ymptotically with bin number. To reduce the estimation errors,
λ2·i−1,F and λ2·i,F from (5) are modified using the interpo-
lation method and are given by (6a) and (6b), respectively, as
follows:

λ2·i−1,F = min
{

1,
[
λ2·i−1,F +

1
4

·(λ2·i−1,F −λ2·i+1,F )
]}

(6a)

λ2·i,F =λ2·i−1,F − 1
4
· (λ2·i−1,F −λ2·i+1,F ). (6b)

It is noted that λ2·i−1,F and λ2·i+1,F on the right-hand side
of (6a) and (6b) are calculated from (5). Then, from (3), with
n = 2, P2·i−1,F is solved and given by (7a) as follows:

P2·i−1,F = (Pi,f − λ2·i,F )/(1 − λ2·i,F ). (7a)

Here, P2·i,F is computed by averaging its neighboring points
and is given by (7b) as follows:

P2·i,F = (P2·i−1,F + P2·i+1,F )/2. (7b)

Substituting λj,F and Pj,F into (1), kj,F is obtained.
Through the above approaches, the model parameters of a
wideband signal λj,F , Pj,F , and kj,F are determined by those
of a narrowband signal λi,f and Pi,f , for n = 2. Furthermore,
by repeating the procedures, this method can be extended to
n = 2m, where m = 2, 3, . . ..

III. EFFECT OF BANDWIDTH ON MULTIPATH AVERAGED

POWER DECAY AND AMPLITUDE FADING

To completely characterize the time dispersion characteris-
tics of the channel, effects of bandwidth on multipath averaged
power decay and amplitude fading are analyzed as follows.

A. Statistical Model for Multipath Averaged Power Decay and
Amplitude Fading

In many literatures for broadband and UWB radio channel
modeling [15], [19], the small-scale aPDP g(τ) is modeled by
an exponential time decay function with a stronger first bin and
is expressed as

g(τ) = G1

[
δ(τ1) +

L∑
i=2

γ exp [−(τi − τ2)/Γ] δ(τi)

]
(8)

where G1 is the mean power of the first bin, τi is the relative
time delay of bin i and is equal to (i − 1) · ∆, γ is the power
ratio that is defined as the ratio of the second bin’s mean power
to the first bin’s mean power, Γ is the exponentially power decay
constant, and δ is the Dirac delta function. From our extended
measurement data at indoor environments, one of the examples
shown in Fig. 2, it is found that this model well describes the
measured aPDP.

Based on our measurement data, it is found that the ampli-
tude fading of the first bin follows a Rician distribution with
a large Rician factor, and the later bins tend to follow the
Rayleigh statistics (the Rician factor is closed to zero), as shown
in Fig. 3. It is noted that measured points 1–12 are in line-of-
sight (LOS) situations and the rest of the points are in non-LOS
(NLOS) situations. Details of measurements are described in
Section IV-B.

B. Effect of Bandwidth on Multipath Averaged Power Decay
and Amplitude Fading

1) Formulas for Wideband to Narrowband: For an uncorre-
lated scattered radio propagation channel [20], bins’ amplitudes

Pi,f =




PA+1,F + (1 − PA+1,F )λA+2,F , n = 2

PA+1,F + (1 − PA+1,F )
{

λA+2,F +
n∑

r=3

[
λA+r,F

r∏
s=3

(1 − λA+s−1,F )
]}

, n ≥ 3 (3)
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Fig. 2. Averaged power delay profile of a 500-MHz-bandwidth UWB signal
at an indoor environment and under the NLOS condition. The wavy line shows
the measured profile. The straight line, which is obtained by a best fit procedure,
represents an exponential decay line.

Fig. 3. Rician factors of the first 15 bins of each measured point at indoor
environments with 2 GHz bandwidth are shown. The total number of measured
points is 24. It is found that most LOS situations and NLOS situations having
strong direct penetration path have larger Rician factors of the first bin to
compare with other situations.

are distributed independent of one another, and the averaged
bin power is calculated by the power sum of multipath in a
bin. For example, the averaged power sum of two successive
bins for bandwidth F is equal to the averaged power of the
corresponding bin for bandwidth f when n = 2, i.e., Gi,f =
G2·i−1,F + G2·i,F . From (8) and n = 2, Gi,f is expressed by


G1,f =1+γF

Gi,f =γF ·[exp(−∆F /ΓF )+exp(−2 · ∆F /ΓF )]
·exp [−(i−2)·∆f/ΓF ] , i ≥ 2

.

(9)

From (9), it is found that Gi,f is exponentially decayed
from bin 2 with a time decay constant ΓF . It represents that
the decay constant is independent of signal bandwidth, i.e.,
Γf = ΓF .

From (9), the power ratio γf = G2,f/G1,f is expressed by

γf =
γF

1 + γF
· [exp(−∆F /ΓF ) + exp(−2 · ∆F /ΓF )] . (10)

Fig. 4. System diagram of the RUSK wideband vector channel sounder.

From (10), γf is greater than γF if ΓF � ∆F , which is true
for the most indoor UWB channels that their decay constants
are larger than 10 ns and their bin widths are smaller than 2 ns.

The Rician statistics is mainly characterized by a Rician fac-
tor R, which is defined as the power ratio of the specular/LOS
path to the scattered multipath. For the first bin, when the signal
bandwidth changes from F to f , the specular/LOS path power
is unchanged, but the scattered multipath power is increased by
G2,F due to the increase of the bin width and no specular/LOS
path in bin 2 (its Rician factor is closed to 0). Therefore, Rf ,
after simple derivations, is given by

Rf =
RF

1 + (RF + 1) · γF
. (11)

Since the denominator of (11) is always larger than one, Rf

is smaller than RF . The reason for this result is that the total
number of scattered multipath in the first bin is increased when
the signal bandwidth is decreased, which yields an increase
of the scattered power. It is noted that (11) is not so meaningful
for the latter bins since their amplitude fading follow a Rayleigh
distribution with their Rician factors all close zero.

2) Formulas for Narrowband to Wideband: With (10) and
the condition Γf = ΓF , it is easily found that γF is given by

γF =
γf

[exp(−0.5 · ∆f/Γf ) + exp(−∆f/Γf )] − γf
. (12)

Substituting (12) into (11), RF is expressed by

RF = Rf ·
1 + γf

[exp(−0.5·∆f /Γf )+exp(−∆f /Γf )]−γf

1 − Rf · γf

[exp(−0.5·∆f /Γf )+exp(−∆f /Γf )]−γf

.

(13)

IV. MEASUREMENT SETUP AND ENVIRONMENT

A. Broadband Outdoor Channels

For outdoor environments, the RUSK broadband vector
channel sounder [21] is employed to measure the band-limited
channel impulse response. The system diagram of the channel
sounder is illustrated in Fig. 4. It consists of a mobile transmit-
ter with an omnidirectional antenna and a fixed receiver with
an eight-element uniform linear array antenna. A maximum
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TABLE I
MEASUREMENT SETUP AND ENVIRONMENTS FOR THE BROADBAND

OUTDOOR CHANNEL MEASUREMENTS

120-MHz broadband radio signal can be generated by periodic
multifrequency signal excitation. It is very helpful for this
study, because radio channel data for the narrowband signal
can be intercepted from the measurement data of the wideband
signal.

Measurements of broadband radio channel impulse response
were performed at three outdoor sites in Taipei (a large city)
and a suburban area. A summary of the measurement setup and
environments for these sites is given in Table I. At each site, the
fixed receiver and its antenna were mounted on a rooftop; the
mobile transmitter and its antenna were carried by a car with
an antenna height of 1.8 m above the ground. Measurement
was done along selected routes with a speed of 10 km/h
approximately, and the channel responses were sampled in a
time grid of 1000.448 ms. It is noted that the distance between
two neighboring channel response sampling points are around
10–20 times of the wavelength of the center frequency, which
means that the small-scale measurements were not performed
at outdoor sites.

B. UWB Indoor Channels

A schematic diagram of the UWB indoor channel measure-
ment system is shown in Fig. 5. An Agilent 8719ET vector
network analyzer (VNA) was used for measuring the fre-
quency response of the channel. The transmitted signal is sent
from the VNA to the transmitting antenna through a low-loss
10-m coaxial cable. Both the transmitting and receiving anten-
nas (EM-6865) are vertical-polarized and omnidirectional in the
H-plane. They are biconical antennas covering 2–18 GHz. The
signal from the receiving antenna is returned to the VNA via
a low-loss 30-m coaxial cable and is amplified by a low-noise
amplifier (LNA) with a gain of 30 dB connecting to the VNA.
The VNA records the variation of 801 complex tones across
the 3–5-GHz frequency range by measuring the S-parameter

Fig. 5. Schematic diagram of the UWB indoor channel measurement system.

Fig. 6. Layouts of four sites where the UWB indoor channel measurements
were performed. (a) Laboratory 901. (b) Classroom 203. (c) Computer room
713. (d) Classrooms 301–303 and corridors. Locations of the transmitter (Tx)
and the receiver are shown by “�” and “•,” respectively.

S21 of the UWB channel, which is essentially the transfer
function of the channel. The time-domain channel response
can be obtained by taking the inverse Fourier transform of the
frequency-domain channel response.

UWB propagation experiments were performed in three
different floors of Engineering Building Number Four at the
National Chiao-Tung University, Hsinchu, Taiwan, R.O.C.
Fig. 6(a)–(d) shows the floor layouts of the measurement sites,
including a laboratory, a classroom, a computer room, and
corridors/classrooms, respectively. Room 901 is a laboratory
with some equipment and iron tables. The classroom has many
wooden chairs, and the computer room has ten iron tables and
50 computers. At these sites, all measured points are under
the LOS condition. At the last site, the transmitter (Tx) is
located at the corridor, and 15 measured points are carefully
planned to include LOS and NLOS propagations. At each
measured point, 64 channel frequency responses were sampled
at 64 subpoints, which are arranged in an 8 × 8 square grid,
as shown in Fig. 6(d). The spacing between two neighbor-
ing subpoints is 3.75 cm, which is equal to half the wave-
length of the center frequency. In each measurement, both the
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transmitting and receiving antennas are fixed with the same
height of 1.6 m.

Here, these 24 measured points are classified into two sce-
narios, the “Indoor LOS” and the “Indoor NLOS.” The “Indoor
LOS” represents all the measurements in the LOS condition,
which contains measured points 1–12. The distance between
the transmitter and each receiver is ranged from 2 to 9 m. The
“Indoor NLOS” represents all the measurements in the NLOS
condition, which contains measured points 13–24. The dis-
tance between the transmitter and each receiver is ranged from
3 to 18 m.

V. VALIDATIONS AND DISCUSSIONS

In this paper, the ∆−K model parameters are extracted
from the measured instantaneous power delay profiles (iPDPs)
for both outdoor and indoor measurement sites. However, the
model parameters of aPDP and amplitude fading are only
computed and validated for indoor sites since the small-scale
measurements were not performed at outdoor sites.

A. Data Analysis and Processing

1) Measurement Data Processing: Before performing the
∆−K model parameters extraction, the measured iPDPs were
processed according to the following procedures. It is noted
that a propagation path may be undetected in an iPDP due
to the amplitude fading. Therefore, to increase the reliability
of the estimation, only the iPDPs with a large signal-to-noise
ratio (SNR) are considered for extracting the ∆−K model
parameters.

a) Delay translation: Since the absolute propagation de-
lays of the received signals vary from one location to another,
an appropriate delay reference is needed to characterize the
relative delays of each path. Here, the measured delay time of
each iPDP is shifted by the propagation delay, which is equal to
d/c, where d is the T–R separation distance, and c is the speed
of light.

b) iPDP selection: Since the path detection algorithm
that is shown in the following is in connection with the noise
floor, most of the long-delay paths cannot be detected for a
measured iPDP with a low SNR. Here, only the measured
iPDPs with a high SNR (highest peak > noise floor + 20 dB)
were selected to extract the model parameters. Therefore, the
effect of amplitude fading on the model parameters, which is
not considered in our approach, is reduced, especially for the
bins with short delays because of their high powers.

c) Path detection: To detect the presence of a path in any
bin, we adopt the approach presented in [5], [13], and [22] by
choosing an α-dB threshold relative to the highest peak power
in the iPDP. In addition to that, the path power must also exceed
6 dB above the noise floor [19] to reduce the influence of noise
on path detection. The noise floor for each iPDP is obtained
by computing the average power from the portion of the iPDP
that is measured before the first MPC arrives. To choose a
reasonable value of α, the effects of this value on some channel
statistics such as the average mean excess delay, average rms
delay spread, standard deviation of rms delay spread, and

average number of paths were analyzed. It is found that the
average mean excess delay, average rms delay spread, and
standard deviation of rms delay spread are all in the saturation
region when the threshold value is larger than around 20 dB
for all measurement sites. However, a different phenomenon is
found for an average number of paths, which is increased as the
threshold value. It is simply because a larger threshold value
will capture a larger number of paths. However, this increase
does not influence the value of the model parameters because
these paths have very low power. For example, when α is larger
than around 20 dB, Pi, λi, and ki with small i will not be
changed with α. Therefore, the relative power threshold value
was chosen as 20 dB in this paper.

For the computation of model parameters, the path arrivals of
an iPDP is described by a path indicator sequence of “0”s and
“1”s, where a “1” indicates the presence of a path in a given
bin, and a “0” represents the absence of a path in that bin.

Furthermore, for the aPDP and small-scale amplitude fading
model parameters extraction, the aPDP of each measured point
at indoor sites is computed by averaging the iPDPs sampled at
the 64 subpoints.

2) Model Parameter Extraction: Here, we follow the
method proposed in [13] for ∆−K model parameters extrac-
tion. Compared to the model parameter extracting method used
in previous works [5], [8], [12], the method directly describes
the bin-by-bin conditional path arrival probabilities and pro-
vides an easier mean to calculate λi and ki.

In the method, all the selected path indicator sequences of
each measurement site were collected to compute the ∆−K
model parameters through the following procedures.

a) Pi computation:

Pi =
N1,i

Ntotal
(14)

where N1,i is the number of points that the path indicator is 1
at bin i, and Ntotal is the number of total selected points for
this site. It is noted that the average number of paths (NPαdB),
which is one of the key channel characteristics for broadband
and UWB radio propagations, can be calculated as the sum of
Pi, i.e., NPαdB =

∑
i Pi. In this paper, α is chosen to be 20.

b) λi computation:

λi =
N01,i

N00,i + N01,i
(15)

where N01,i is the number of points that the path indicator is 0 at
the (i − 1)th bin and is 1 at the ith bin, and N00,i is the number
of points that the path indicator is 0 at both the (i − 1)th and
the ith bins.

c) ki computation:

ki =
N11,i

λi · (N10,i + N11,i)
(16)

where N11,i is the number of points that the path indicator is 1
at both the (i − 1)th and the ith bins, and N10,i is the number
of points that the path indicator is 1 at the (i − 1)th bin and is 0
at the ith bin.
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Fig. 7. Comparisons of the measured and computed results of (a) the path
arrival rate λi and (b) the path occurrence probability Pi of the “Urban 1” site
with 60 MHz bandwidth for n = 2.

Furthermore, the model parameters of averaged power decay
γ and Γ are extracted from the aPDP by the best fit procedure
for each measured point at indoor sites. Finally, the Rician
factor is obtained by fitting the cumulative distribution function
of the 64 subpoints’ amplitude to that of a Rician distribution
for each measured point at indoor sites.

B. Validations

Fig. 7(a) and (b) illustrates the measured and computed λi

and Pi of a 60-MHz-bandwidth signal at the “Urban 1” site,
respectively. In these figures, the discrete points of λi or Pi are
connected by curves for clarity. The computed λi and Pi are
achieved from the measured λj and Pj of a 30-MHz-bandwidth
signal by using (6) and (7), respectively. The comparison shows
that the proposed method yields a good prediction accuracy of
λi, with me−λ = −0.0632 and σe−λ = 0.0906, and Pi, with
me−P = −0.0669 and σe−P = 0.0922. Here, me−λ and me−P

represent the mean of the relative error (i.e., the ratio of the
difference between the computed and the measured data to the
measured data) of λi and Pi, respectively. σe−λ and σe−P are
the standard deviations of the relative error of λi and Pi, re-
spectively. For UWB radio propagation in indoor environments,
Fig. 8(a) and (b) illustrates the measured and computed λi and

Fig. 8. Comparisons of the measured and computed results of (a) the path
arrival rate λi and (b) the path occurrence probability Pi of the “Indoor NLOS”
site with 1 GHz bandwidth for n = 2.

Pi, respectively, of a 1-GHz-bandwidth signal at the “Indoor
NLOS” site. Here, the computed data for the 1-GHz-bandwidth
signal is achieved from the measured data of a signal with
500 MHz bandwidth using (6) and (7). For conciseness, the
results of other sites are not illustrated. In Table II, the values of
me−λ, σe−λ, me−P , and σe−P for n = 2 at all sites are listed.
From Table II, it is found that the absolute value of me−λ and
me−P are both less than 0.1, which validates our proposed
method. The small difference between the measured and the
computed parameter values may be mainly due to the amplitude
fading, which is dependent on the bandwidth and is not consid-
ered in our approach. In addition to that, the small fluctuations
of λi and Pi, as shown in Figs. 7 and 8, also lead to some
prediction errors because it is inconsistent with our assumption
that λi and Pi decrease asymptotically with bin number.

For the case of n = 4, Fig. 9(a) and (b) illustrates the mea-
sured and computed λi and Pi of a 120-MHz-bandwidth signal
at the “Urban 1” site, respectively. Here, the computed data for
the 120-MHz-bandwidth signal is achieved from the measured
data of a signal with 30 MHz bandwidth. The comparison
shows that our proposed method also yields a good prediction
accuracy of λi and Pi for n = 4. The me−λ, σe−λ, me−P , and
σe−P for n = 4 at all sites are calculated and listed in Table III.
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TABLE II
VALUES OF me−λ, σe−λ, me−P , AND σe−P FOR n = 2

Fig. 9. Comparisons of the measured and computed results of (a) the path
arrival rate λi and (b) the path occurrence probability Pi of the “Urban 1” site
with 120 MHz bandwidth for n = 4.

TABLE III
VALUES OF me−λ, σe−λ, me−P , AND σe−P FOR n = 4

Table IV shows the average number of paths NP20dB, which
were calculated from the measured and computed results of
Pi, respectively. It is found that the average number of paths
is increased as the signal bandwidth is increased. In addition
to the me−λ, σe−λ, me−P , and σe−P shown in Tables II
and III, the good prediction accuracy of NP20dB shown in

TABLE IV
VALUES OF MEASURED AND COMPUTED NP20 dB

Fig. 10. Measured ki of “Indoor NLOS” site with 1 GHz bandwidth.

Table IV also validates our proposed method. The mean value
of relative errors of NP20dB are −0.0701 and −0.1551 for
n = 2 and 4, respectively.

Fig. 10 illustrates the measured ki of a 1-GHz-bandwidth
signal at the “Indoor NLOS” site. It is found that ki fluctuates at
bins with a large bin number. It is noted that for clearly showing
the small variation of ki at bins with a small bin number, the
values of ki have been clipped at the far right of Fig. 10. From
(16), it is easily understood that the fluctuation of ki results
from the very small values of λi, N10,i, and N11,i for bins
with long delays. However, these bins are insignificant to the
value of channel parameters because of their very low powers.
From Figs. 8 and 10, it is found that ki varies slightly at bins
with λi ≥ 0.1 (bin number ≤ 80). Therefore, it is reasonable
to use K, which is defined as the mean value of ki of the bins
with λi ≥ 0.1, as an index to quantify the observed multipath
clustering.

K versus bandwidth curves at both the outdoor and in-
door measurement sites are illustrated in Fig. 11(a) and (b),
respectively. The figures show that K is increased when the
signal bandwidth is increased, i.e., the wider bandwidth signal
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Fig. 11. K value of the measurement sites. (a) Outdoor environments.
(b) Indoor environments.

yields stronger observable multipath clustering. It is because
more paths may be resolved due to the finer time resolution
of the signal, which increases the probability of clustering
occurrence.

In Fig. 11(a), it is also found that the K value in an urban
area is larger than that in the suburban area. It is simply because
in urban areas, the scatterers (buildings) are denser and larger
than those in the suburban areas, which leads to a larger chance
of MPCs arriving in groups. For indoor environments, K in an
LOS situation is smaller than that in the NLOS situation, as
shown in Fig. 11(b). This is because the power of the direct
path is much larger than that of the reflected and scattered paths
under the LOS condition; most part of the grouping paths from
scattering and multiple reflections cannot be detected.

Fig. 12 shows the decay constant versus measured point
number for the “Indoor LOS” and “Indoor NLOS” sites with
signal bandwidths of 500 MHz, 1 GHz, and 2 GHz. The
comparison shows that the decay constant is independent of
the signal bandwidth because there is only a little difference
in the decay constant value among the three bandwidths at each
measured point.

Fig. 13 shows the power ratio versus measured point number
for the “Indoor LOS” and “Indoor NLOS” sites with signal
bandwidths of 500 MHz, 1 GHz, and 2 GHz. It is found that

Fig. 12. Decay constant versus measured point number for signal bandwidths
of 500 MHz, 1 GHz, and 2 GHz at “Indoor LOS” and “Indoor NLOS” sites.

Fig. 13. Power ratio versus measured point number for signal bandwidths of
500 MHz, 1 GHz, and 2 GHz at “Indoor LOS” and “Indoor NLOS” sites.

the power ratio is decreased when the signal bandwidth is
increased, which validates our analytical result, as shown in
(10). Fig. 14 shows the measured and computed power ratio
for a bandwidth of 1 GHz. Here, the computed results are based
on the measured results of a 500-MHz-bandwdith signal and by
using (12). The comparison shows that our proposed method
yields a good prediction accuracy of the power ratio.

Fig. 15 shows the first bin’s Rician factor versus measured
point number for the “Indoor LOS” and “Indoor NLOS” sites
with signal bandwidths of 500 MHz, 1 GHz, and 2 GHz. It
is found that the Rician factor is increased when the signal
bandwidth is increased for most of the measured points, which
validates our analytical result, as shown in (11). Fig. 16 illus-
trates the measured and computed Rician factor for a bandwidth
of 1 GHz. Here, the computed data for the 1-GHz-bandwidth
signal is achieved from the measured data of a signal with
500 MHz bandwidth using (13). It is found that our proposed
method yields a good prediction accuracy for the points with
low Rician factors but leads to an overestimation for the points
with large Rician factors. However, this kind of difference
does not cause a significant impact on the small-scale fading
statistical properties because the statistical properties of Rician
fading are not very sensitive to large Rician factors [23].
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Fig. 14. Comparisons between the measured and computed results of the
power ratio for all measured points at “Indoor LOS” and “Indoor NLOS” sites
with 1 GHz bandwidth.

Fig. 15. Rician factor versus measured point number for signal bandwidths of
500 MHz, 1 GHz, and 2 GHz at “Indoor LOS” and “Indoor NLOS” sites.

Fig. 16. Comparisons between the measured and computed results of the
Rician factor for all measured points at “Indoor LOS” and “Indoor NLOS”
sites with 1 GHz bandwidth.

VI. CONCLUSION

For a band-limited system, due to the limitation of the signal
time resolution, the observation of the multipath clustering is
a function not only of the propagation environment but also of

the signal bandwidth. In this paper, with the help of the ∆−K
model, the effect of signal bandwidth on observable multipath
clustering is investigated by exploring the relationship between
∆, signal bin width, and K—an index to quantify the multipath-
clustering phenomenon. A formula is derived to show that
the signal with a larger bandwidth yields finer time resolution
and observes more MPCs, which may show stronger multipath
clustering in iPDPs. To completely characterize the time dis-
persion characteristics of the channel, bandwidth dependences
of multipath aPDP and amplitude fading are also formulated.
Here, a model is applied to characterize the aPDP with two
coefficients: the power ratio and decay constant. In addition, the
amplitude fading is described by a Rician distribution function.
It is found that 1) the power ratio is decreased when the signal
bandwidth is increased, 2) the decay constant is independent
of signal bandwidth, and 3) the Rician factor is increased as
the signal bandwidth is increased. Our findings are validated
by the measurement results of 1.95- and 2.44-GHz broadband
signals in metropolitan and suburban areas and by the results
of the 3–5-GHz UWB signals in indoors. In the future, we
plan to investigate the dependency of the multipath cluster-
ing on the propagation environment, which needs extensive
measurements.
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