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Abstract

Ultra Wideband (UWB) radio techniques
have recently attracted great interest in scientific,
industrial, commercial, and military sectors. The
potential strength of the UWB radio technique
such as high channel capacity at short range, lack
of significant multipath fading, accurate position
location and ranging, and extremely difficult to
intercept, lies in its use of extreme wide
transmission bandwidths.

In this project, a spectrum analyzing and a
swept frequency measurement methods are
adopted to measure and to analyze the UWB radio
propagation loss, multi-path fading, signal delay
and spread. It is a three years project and is
separated into two stages. (1) The first stage (1st
and 2nd years): measurement and modeling of the
UWB radio propagation loss, multi-path fading,
and power delay profile; (2) The second stage
(3rd year): investigation of UWB indoor
propagation characteristics.

In the last annual report, an ultra wideband
channel sounding system and a swept frequency
measurement method are adopted to measure and
to analyze UWB radio wave propagation
characteristics in indoor environment. A
site-specific model using ray-tracing technique is
developed to predict the radio propagation in
indoor environments.  Simulation results are
validated by the experimental results.

In the second year, the stochastic
tapped-delay-line (STDL) model is introduced to
model the UWB indoor channels with the
parameters, delay constant and power ratio, of the
averaged power-delay profile (PDP). Here, the
formulas of these two parameters versus signal
bandwidth are proposed. The formulas have been
validated by comparing the computed results with
a large number of measurement data carried out at
many sites such as classrooms, laboratories and
offices. The measured frequencies are ranged
from 3 GHz to 5 GHz. It is found that (1) The
delay constant of the averaged PDP is
independent of radio bandwidth; (2) The power
ratio of the averaged PDP is decreased when the



radio bandwidth is increased.

In the third year, modeling dependency of
Ultra-Wideband (UWB) indoor radio channel
parameters on bandwidth is explored. Here,
formulas describing these dependencies are
derived under the stochastic tapped-delay-line
(STDL) model, which characterizes radio
channels using parameters such as decay constant,
power ratio and Nakagami parameter. Through
these formulas, the proper UWB channel
parameters for a ultra-wide bandwidth signal can
be determined from those of a narrow bandwidth
signal. These formulas have been validated by
comparing the computed results with a large
number of measurement data carried out at
laboratories, offices and classrooms. The
measured frequencies are ranged from 3 GHz to 5
GHz. It is found that (1) The power ratio is
decreased when the signal bandwidth is increased;
(2) The decay constant is independent of radio
bandwidth; and (3) The Nakagami parameter is
increased as the signal bandwidth is increased.

As a whole, with these research achievement,
we had submitted one paper to IEEE Trans. on
Vehicular Technology (in revised), another paper
to IEEE Trans. on Wireless Communications, and
some presentations at international conferences.

Keywords: UWB, radio propagation, channel
impulse response, STDL model,
bandwidth effect.

|. Introduction

Ultra-Wideband (UWB) radio techniques
have recently attracted great interest in scientific,
industrial, commercial, and military sectors. The
potential strength of the UWB radio technique
such as high channel capacity at short range, lack
of significant multipath fading, accurate position
location and ranging, and robustness to
interception, lies in its use of extreme wide
transmission bandwidths [1]. According to the
Federal Communication Commission (FCC)
regulations of UWB radio technology and
systems [2], the minimum bandwidth limit of an
UWB radio signal is 500 MHz, and the frequency
band from 3.1 GHz to 10.6 GHz is available for
unlicensed use for indoor communication
applications. Due to its extremely wide bandwidth,
each UWB system achieves very high resolution
in the delay domain. Therefore, the UWB channel
response may contains several tens to hundreds
multipath components (MPCs), which are very
different from those of conventional narrowband/
broadband indoor wireless communication
systems. Therefore, precise multipath models are
of primary importance to the UWB channel
models.

It is noted that for band-limited radio
systems, the signal resolution, proportional to the

inverse of the bandwidth, affects the number of
resolvable MPCs and their powers, and of course
changes values of the channel response
parameters as well. It is important to find the
dependency of channel parameters on signal
bandwidth for UWB radio systems since their
signal bandwidth may vary in a wide range to
provide manifold applications with varying data
rate and quality of services requirements. In
theory, channel responses of narrowband signals
may be derived from that of wideband signals by
a simple bandpass filtering operation, but it is
difficult to estimate the channel responses of any
wideband signal from those of a narrowband
signal.

In this paper, modeling dependency of UWB
indoor radio channel parameters on bandwidth is
explored. Here, the formulas describing these
dependencies are derived under the stochastic
tapped-delay-line (STDL) model [3], which
characterizes radio channels using parameters
such as decay constant, power ratio and
Nakagami parameter. Through these formulas, the
proper UWB channel parameters for a wide
bandwidth signal can be determined from those of
a narrow bandwidth signal.

This paper is organized as follows. In
Section II, the STDL model that we adopted to
characterize the indoor UWB radio propagation
channel is presented. The dependency of channel
parameters on bandwidth are analyzed and
derived in Section III. In Section IV, the
measurement system and environments are
described. Results of our finding are validated by
measurement data in Section V. Conclusions are
given in Section VI.

Il. The STDL Channel Model

Because of multipath propagation due to
reflections, refractions, and/or scattering by
obstacles or scatters in propagation environments,
radio propagation channels are usually modeled
as a linear filter with a complex-valued lowpass
equivalent impulse response that is expressed as

h(T):Zk:ak s(z-7,) (1)

where @ and 7 are the random complex-valued
path gain and propagation delay of the MPCs,
respectively; and & is the Dirac delta function.

To characterize the statistical properties of
UWB indoor channels, the STDL model was
proposed by Win et al [3]. It characterizes the
shape of the power delay profile (PDP) of the
UWB indoor channel in terms of power gains and
delays of taps, i.e, by the pairs {P;, t7;} with
T;=(i-1)xA, where A is the tap spacing and is
equal to signal resolution of the considered



system. Meanwhile, P; is equal to the square of
the vectorial sum of the arriving MPCs over a tap
spacing beginning at the delay (i-1)xA, i.e.,
P;=|Zay|?, for (i-1) XA=T, <ixA.

In the model, the small-scale averaged PDP,
P (r), is modeled by a single exponential (linearly
on a decibel scale) PDP with a stronger first tap as
shown in Fig. 1 and is expressed as

Blc)=o(c) + éjzr exp[_ %) Se—i-nxa) (2

where L is the total number of taps in the
observation window, € is the exponentially power
decay constant and r is the power ratio that is
defined as the ratio of the averaged power of the
second tap to the first tap, i.e, r=P,/P;. It is
noted that, P; is the i™ tap’s power normalized
to the power of the first tap, i.e., P, =1.

The small-scale statistics of each tap’s power
gain follows a Gamma distribution (Nakagami
envelope distributed), and each Nakagami
parameter, m, is  described by a
truncated-Gaussian random variable with its mean
and standard deviation decreasing with delay.

To sum up, STDL model is completely
characterized by three parameters, the decay
constant &, the power ratio r, and the Nakagami
parameter m. It is noted that these parameters are
not only dependent on the propagation
environment and maybe dependent on the signal
bandwidth of the considered system.

I11. Formulation of Channel Parameters

To explore bandwidth dependency of these
channel parameters, the formulas to determine
UWB indoor channels parameters of a wide
bandwidth signal with those of a narrow
bandwidth signal are derived. It is noted that the
bandwidth of the wideband signal is confined and
is 2" times of that of the narrowband signal. For
the convenience of description in the following of
this paper, the parameters with index f or F
correspond to those of bandwidth f or F,
respectively, where F=2xf.

A. Bandwidth on Decay Constant and Power
Ratio

Since tap spacing is inversely proportional to
the signal bandwidth, A¢, the tap spacing of a
system with signal bandwidth f, is equal to 2xA,
two times of that of a system with signal
bandwidth F. Therefore, P;(f), the power gain of
the i ™ tap of a signal with bandwidth f, is resulted
from the combination of MPCs arriving within
taps 2i-1 and 2i of signals with bandwidth F.

For an uncorrelated scattered radio
propagation channel [4], the amplitudes of the
taps are independently to one other. Therefore, the

small-scale averaged tap power gain can be
calculated as the sum of the power of MPCs
arriving within a tap spacing of the corresponding
tap. From the results shown in [3], it reveals that
the uncorrelated scattering assumption can be
applied to the indoor UWB radio propagation
channels. Therefore, R(f) , the small-scale
averaged power gain of the i ™ tap of a signal with
bandwidth f, can be calculated as the sum of
P,i_i(F) and Py (F). From (2),R(f)is expressed
as

2{1(':)* Poi (F)j [ }}izz 3)
—r e xexp (o —ixA,: sexp (i —jixAF

Ap 2xAg (i-2)xA¢
=TE X| exp| —g— +exp| — B Xexp| — -
F F F

From (3), it is found that the R(f) is
exponentially decayed with time decay constant
€r. It represents that the decay constant is not
dependent on the bandwidth, ie., €-_€p. By
normalizing all the taps’ power, R(f), to the
power of the first tap, P,(f), it is found that
power ratio ry can be determined by rg, € and
Ar by (4)

r=—F x|exp _Ae +exp _2XAF
1+I'|: EE EF (4)

_2Xrg
1+r|:

, IfAp <<€

From (4), it is found that r¢ is greater than rg
under the condition that if &g >> Ar. The indoor
UWB channels, for the most part, satisfy this
condition with a typical decay constant larger than
10ns and tap spacing smaller than 2ns.
Furthermore, from (4) and the condition € ;_ €, it
is also found that rg can be determined by r¢, €
and A¢ by (5)

B. Bandwidth on Nakagami Parameter

To explore the Nakagami parameter
dependency on bandwidth, a Rician distribution is
used to replace the Nakagami distribution as that
in the STDL model [3]. It is because the Rician
distribution yields more physical meaning by
characterizing the ratio of the specular/LOS path
power (coherent power) to the scattered MPCs
(incoherent power) with a Rician factor. It is
helpful to derive the formula describing the
bandwidth dependency of small-scale fading
statistics. Meanwhile, it is noted that these two



distributions can be transformed into each other
via the following relations between the Rician
factor K and the Nakagami parameter m [5]

K:x/mz—m/(m—sz—m) (6a)

m=(K +1)> /(2K +1) (6b)

Rician factor is defined as the ratio of the
power of the specular/LOS path and the other
scattered MPCs. Here, let A* and 20> be the
average power of the specular/LOS path and the
other scattered multipaths of the first tap for
bandwidth F, respectively. Since
P,(f)=P,(F)+P,(F), the average power of
scattered multipaths of the first tap for radio
bandwidth f is equal to the sum of 2¢6° and

P,(F) . Then the Rician factor K¢ can be
calculated by (7)
‘@ A2 i %x P, (F)
20% +P,(F) ﬁxﬁl(F)HF xP,(F) (7
Ke

1+ (K +)xre
From (7), it is easily to find that Ky is

smaller than K, which is due to the fact that the
numbers of scattered MPCs fall within the first
tap is decreased when the signal bandwidth is
increased, i.e., yielding a decrease of the scattered
power. Substituting (5) into (7), K is expressed
in terms of K, 1, €¢ and A¢ as the following
equation
Ky x| 1+ d

[ lexp(-0.5xA ¢ €5 J+expl-A; /€5 N-r¢ (8
1-K¢ x d

lexp(—O.SXAf J€1 )+exp(—Af J€1 )J_rf

Ke =

Therefore, mg, the Nakagami parameter for
bandwidth F can be estimated through the
following procedures:

1) To translate m;into K¢ by (6a),
2) To compute Ky by (8),
3) To translate Ky into mg by (6b).

V. Measurement Setup and
Environment

In our study, the frequency domain
measurement technology to perform UWB indoor
channel sounding is adopted. A Vector Network
Analyzer (VNA) was used to record the variation
of 801 complex tones across the 3-5 GHz
frequency ranges. The time-domain channel
responses are 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 in Hsin-Chu, Taiwan. Figs.

show the floor

2(a)-(d) layouts of the

measurement sites including a laboratory, a
classroom, a computer room, and
corridors/classrooms, respectively. Room #901 is
a laboratory with some equipments and iron tables.
The classroom has many wooden chairs and the
computer room has ten iron tables and fifty
computers. At these sites, all measured points are
under the Line-of-Sight (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 non-LOS (NLOS)
propagations. At each measured point, 64 channel
frequency responses were sampled at 64
sub-points, arranged in 8x8 square grid, as shown
in Fig. 2(d). The spacing between two
neighboring sub-points is 3.75 cm. In each
measurement, both the transmitting and receiving
antennas are fixed with the same height of 1.6 m.
Here, we classify the total 24 measurement
points into four propagation cases according to
the LOS/NLOS condition and distance between
the transmitter and the receiver. Case 1 is for LOS
condition and short T-R distance (0-5m) case, and
it includes the measurement points no.1-no.6.
Case 2 is also for LOS condition but with longer
T-R distance (5-10m), and it includes the
measurement points no.7-no.12. Case 3 is for
NLOS condition and short distance (0-5m) case,
and it includes the measurement points
no.13-no.18. Case 4 is also for NLOS condition
but with longer T-R distance (5-20m), and it
includes the measurement points no.19-no.24.

V. Validation and Discussion

All the measured frequency-domain channel
responses is processed to time-domain by taking
the inverse Fourier transform and obtained 24x64
different PDPs. Since the absolute propagation
delays of the received signals vary from one point
to another, an appropriate delay reference is
needed to characterize the relative delays of each
MPC. Here we translate the delay axis of the PDP
for each measurement point by its respective
absolute delay of the directed path between
transmitter and receiver. In the following, we refer
to the PDP measured at one of the 24x64
subpoints as local PDP, while we denote the PDP
averaged over the 64 subpoints of one
measurement point as the small-scale averaged
PDP (SSA-PDP). We performed best-fit
procedures to extract the channel parameters, €’s
and r’s, from the SSA-PDP of each measurement
point. The other channel parameter m’s are
obtained by fitting the CDF of the deviations of
the 64 1% tap’s path gain to that of a Gamma
distribution (Nakagami envelop distributed) for
each measurement point.



A. Decay Constant

Fig. 3 shows the decay constant of each
measured point for signal bandwidths of 500 MHz,
1 GHz and 2 GHz. It seems that the decay
constant is slightly dependent on the signal
bandwidth with similar results of these three
bandwidths at each point. This result is consistent
with our analytical result as shown in (3). The
mean decay constants of cases 1-4 are 7ns, 12ns,
8ns and 22ns, respectively. It reveals that the
mean decay constant tends to increase with the
propagation distance. This is because that as the
propagation distance is increased, the ratio of the
propagation distance of each subsequent MPCs to
that of the direct path is decreased, and it leads to
larger power gains for delay taps.

B. Power Ratio

Fig. 4 shows the power ratio of each
measurement point for signal bandwidths of 500
MHz, 1 GHz and 2 GHz. It is found that the
power ratio is decreased when the signal
bandwidth is increased, which validates our
analytical result as shown in (4). Fig. 5 shows the
measured and computed power ratio of each
measurement point for 1 GHz bandwidth. Here,
the computed results are based on the measured
results of a S00MHz-bandwdith signal and using
(5). The comparison shows that our proposed
method yields good prediction accuracy of power
ratio with E, (500 MHz, 1 GHz) = 0.0704. Here,
E, (f,, f,), represents the mean of the relative
prediction error (the ratio of the difference
between the predicted and the measured data to
the measured data) of power ratio and is given by
E (11 12)=| 5 2, (pli- )l ). )] )
where 1,(j, fi, f;) is the computed power ratio of
the j"™ measurement point for bandwidth f, and it
is predicted from the measured results of a signal
with bandwidth fj. r,(j, f;) are the measured
power ratio of j™ measurement point for
bandwidth f,. For conciseness, the computed
results of power ratio for bandwidths (1 GHz, 2
GHz) and (500 MHz, 2 GHz) with E, (1 GHz, 2
GHz) = 0.1129 and E, (500 MHz, 2 GHz) =
0.1635, respectively, are not illustrated.

C. Nakagami Parameter

From our measurement evidence, it is found
that the Nakagami parameters, except the first tap,
are all closed to 1 (Rayleigh distribution).
Therefore, we only focus on the Nakagami
parameter of the first tap in this paper. Fig. 6

shows the Nakagami parameter for all the 24
measurement points for signal bandwidths of 500
MHz, 1 GHz and 2 GHz. It is found that the
Nakagami parameter is increased when the signal
bandwidth is increased, which validates our
analytical result. Fig. 7 shows the measured and
computed Nakagami parameter of each
measurement point for 1 GHz bandwidth. Here,
the computed results are based on the measured
results of a 500MHz-bandwdith signal. The
comparison shows that our proposed method
yields good prediction accuracy of Nakagami
parameter.

To quantify the prediction accuracy of the
Nakagami parameter, the mean of the relative
prediction error of Nakagami parameter,
Ern(f,. f,), is defined and given by
Eml(fi, )= ﬁ g (mp(j’ fi, f2) = mn(j, fz))/mm(j, f) (10)

where m,(j, f}, f;) is the computed Nakagami
parameter of the j™ measurement point for
bandwidth f, and it is predicted from the
measured results of a signal with bandwidth f;.
my, (j, £,) are the measured Nakagami parameter
of j™ measurement point for bandwidth f,. After
some computations, Ey(f;,f,) are equal to
0.3690, 0.1507 and 0.2412 for (f}, f,) equal to
(500 MHz, 1 GHz), (1 GHz, 2 GHz) and (500
MHz, 2 GHz), respectively.

V1. Conclusions

In this paper, the formulas describing
bandwidth dependency of UWB channel
parameters, such as power ratio, decay constant
and Nakagami parameter, are derived under the
STDL model. These formulas have been validated
by comparing the computed results with a large
number of measurement data carried out at
laboratories, offices and classrooms with
frequencies ranged from 3 GHz to 5 GHz and
signal bandwidths of 500 MHz, 1 GHz and 2 GHz.
Through these formulas, the values of UWB
channel parameters for wide bandwidth signals
can be determined from those of narrow
bandwidth signals.

In the future, we plan to investigate the
bandwidth dependency of channel parameters of
S-V model. It is a well-recognized model to
characterize the multipath- clustering
phenomenon that may be observed in UWB
indoor radio channels especially when the signal
bandwidth is extended to several GHz.
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