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Abstract

We propose a statistical model for the ultra-wide bandwidth (UWB) indoor
channel based on an extensive measurement campaign in a typical modern office
building. Our model is formulated as a stochastic tapped-delay-line (STDL) model
of the UWB indoor channel. The averaged power delay profile is modeled by a
single exponential decay with a statistically distributed decay constant. The small-
scale statistics of path gains follow Gamma distributions whose parameters m are
truncated Gaussian variables with mean values and standard deviations decreasing
with delay. The total received energy experiences a lognormal shadowing around
the mean energy given by the path-loss law. The fading of the taps is uncorrelated.
Finally, we propose an implementation of the STDL model.
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[. INTRODUCTION

Scope: Ultra-wide bandwidth (UWB) spread-spectrum techniques have recently attracted
great interest in scientific, commercial, and military sectors, so that the UWB systems are
considered as possible candidates for an alternative PHY for the IEEE 802.15 study group 3a. In
order to test and compare various physical-layer schemes suggested for this standard, a channel
model is required. For this reason, IEEE802.15 has called for suggestions for channel models in
three areas: 1) path loss; 2) fading statistics; and 3) interference. While the FCC notice allows
both for outdoor peer-to-peer, and for indoor communications, the main interest of the research
community lies in the latter one. In this document, we propose a comprehensive indoor channel
model for the fading statistics of the UWB channel, covering the second point in the call for
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contributions. We also stress that our model can be easily combined with field-strength and
interference models to give a comprehensive channel model for the simulation of complete
systems.

We propose a stochastic tapped delay line (STDL) propagation model for the UWB indoor
channel. The proposed model is suitable for implementation of computer simulations of a
generic UWB system operating in a typical indoor environment. As a matter of fact, simulation
programs for tapped delay line channel exist at many research institutions. Furthermore, we
would be willing to put our MATLAB simulation program at the disposal of the UWB
community, for example by making it downloadable from a website.

All the parameters of the STDL model have been extracted from a set of measured impulse
responses, using 2ns-wide baseband pulses. Although the presented parameterization of the
model is related to the particular building (indoor residential structures, and large structures like
conference halls and airport lounges, might require different parameter settings), and the
frequency range in which the propagation experiment was performed, the methodology can be
adopted to interpret other similar sets of UWB experimental data. We envisage soon having
experimental data in the FCC bands at which we will apply the proposed methodology. We
maintain that the parameterization proposed in this document reflects well the properties of
typical office buildings. This is also confirmed by extensive literature surveys that show that — in
contrast to field strength - the fading parameters vary comparatively little with the center
frequency.

Existing models: Many propagation measurements have been performed for indoor
narrowband channels and several models have been proposed in the literature [1-4].' However,
due to their restriction on measurement bandwidth, they are inadequate for the UWB system
studies.' Even the model in [1] is based on measurements made by probing the channels with
only 10 ns pulses at 1.5 GHz. In this paper, we present a statistical analysis of the data collected
from a UWB propagation experiment, performed in a typical modern office building with 2
nanoseconds delay resolution using baseband pulses [5]. The approach is based on the
investigation of the statistical properties of the multipath profiles measured in different rooms
over a finely-spaced measurement grid. We analyze this data to arrive at a model for the UWB
channel. Our modelling concept is based on well-validated approaches, like the models proposed
in [1, 2, 6]. However, some important modifications are made to account for the special
properties specific to UWB transmission.

Previous analyses of UWB systems in multipath environments use narrowband channel
models or straightforward extensions to finer delay resolutions. For example, [7] uses the model
of [1] as well as a deterministic two path model, and [8] uses an extension of the A-K model [3,

! In mobile radio, it is common to define “narrowband” as transmission bandwidth being much smaller than the coherence
bandwidth of the channel. However in this paper, we use the RF engineering definition of narrowband, which is defined as the
measurement bandwidth being much smaller than the carrier frequency.
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4, 9] to a delay resolution of 5 nanoseconds. More generally, performance analyses of UWB
systems are usually based on channel models that imply Rayleigh fading. However, our analysis
shows that the empirical distribution of the path gains markedly differs from the exponential
power statistics (i.e., Rayleigh amplitude statistics). This is due to the fact that UWB systems
provide high resolution in the delay domain, implying that only a small number of multipath
components (MPCs) fall within an interval of delay resolution.

II. MODELING PHILOSOPHY

We separately model the effects of the large and small scale fading statistics. The large scale
fading characterizes the changes in the received signal when the receiver position varies over a
significant fraction of the transmitter - receiver (T-R) distance and/or the environment around the
receiver changes. This situation typically occurs when the receiver is moved from one room to
another room in a building.’ The small-scale effects, on the other hand, are manifested in the
changes of the PDP caused by small changes of the receiver position, while the environment
around the receiver does not change significantly. The small-scale statistics can be characterized
by investigating the statistical properties of multipath profiles measured over a finely-spaced
grid. In the following, we refer to the PDP measured at one specific location as local PDP, while
we denote the PDP averaged over the locations within one room as the small-scale averaged
PDP (SSA-PDP). This spatial averaging removes the effect of small scale fading. We also make
a distinction between the “local” parameters, which refer to the small-scale effects, and the
“global” parameters, describing the changes of the SSA-PDPs. For clarity, all the symbols and
parameters are listed in Table I.

TABLE I

SYMBOLS AND PARAMETERS

? The resolution of the signal is proportional to the inverse of the bandwidth

? More generally speaking, large-scale changes are defined as changes that render the statistical wide-sense
stationariy invalid. This means typically changes of more than 20 wavelengths, though the exact number depends on
the environment. Thus, there can also be large-scale changes within one room. To simplify notation, in the following we speak
of “within a room” when we mean variations over a range where the wide-sense statistical stationarity is fulfilled.
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DELAY AXIS
T Excess Delay
TRef Absolute Propagation Delay
ni=(k- DAr k™ Delay Bin
At Bin Width
Nbins Number of Bins
ENERGY GAINS

Giot Total Average Energy Gain
G Average Energy Gain of the A Delay Bin
G Energy Gain of the & Delay Bin
(1) Average Received Energy at Excess Delay 1

EXPONENTIAL TIME DECAY
& Decay Constant
r=G,/G Power Ratio

As in any wireless channel, the received signal is a sum of the replicas (echoes) of the
transmitted signal, being related to the reflecting, scattering, and/or deflecting objects via which
the signal propagates. Each of the echoes is related to a single such object. The received signal
may be modeled as a linear combination of Ny, delayed basic waveforms w( ¢)

Npalh

r(0)= Y et =)+ (o) M

where n(f) is the observation noise.

Since the absolute propagation delays of the received signals vary from one location to
another, an appropriate delay reference is needed to characterize the relative delays of each
resolved MPC. We take the reference 7z.r as the absolute propagation delay, i.e., the delay of the
direct or quasi line-of-sight (LOS) path given according to the geometry: Tz, = d/c, where d is
the T-R separation distance and c is the speed of light. We then translate the delay axis of the
measured multipath profiles for each location by its respective Tz

As in [2], the delay axis is quantized into bins, and the received power is integrated within
each bin to obtain the local PDP in terms of the pairs {G), 7;}, where Gy is the energy gain
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defined as the ratio between the energy received at a T-R distance d, over a bin width Ar
beginning at the delay 7; = (k -1) A7, and the total energy received at the reference distance of
one meter.

III. LARGE SCALE STATISTICS

The SSA-PDPs exhibit an exponential decay as a function of the excess delay. Since we
perform a delay axis translation, the direct path always falls in the first bin in all the PDPs.” The
direct path is always the strongest path, even if the line-of-sight is obstructed. The energy of the
subsequent MPCs decay exponentially with delay starting from the second bin.

Let G = Aspa{Gx} be the locally averaged energy gain, where the Asp,{} denotes the spatial
average over the region of statistical stationarity. The average energy of the second MPC may be

expressed as a fraction 7 of the average energy of the direct path, i.e. = G,/G, . We refer to r as
the power ratio. The SSA-PDP is completely characterized by G,, the power ratio 7, and the
decay constant & (or equivalently, by the total average received energy G,,, 7, and &).°

The power ratio » and the decay constant £ vary from location to location, and we treat them
as stochastic variables. The decay constants are modeled as lognormal variates [10]. We found

that the lognormal distribution, denoted by &~ Ly (#aB; Oan), With ugs = 16.1 and O = 1.27
gives the best agreement with the empirical distribution of our measurements.” We also found

the power ratios 7’s to be lognormally distributed, 1.e., ¥ ~ Ly (4,d8; Gras) With w,qg = -4 and Grgp
=3, 1respec‘[ively.8 The parameters are independent of the distance RX-TX.

By integrating the SSA-PDP of each room over all delay bins, we obtain the total average
energy G, Wwithin each room. The dependence of G,, on the T-R separation is given by a

* Here and through all the paper, energies are normalized to the total energy received at 1 m distance.

According to the bin’s width in the delay domain, we can only resolve the MPC’s arriving at differential delay greater than 2
ns. Thus, even if more than one path arrives within the bin, we refer to the content of each bin as one MPC.

6 This is due to the fact that Gtot is related to G1, r, and &, see Sec. IV.

7 To be more precise, we converted the decay constants to a dB scale with reference value 1 us, i.e., &g =10 log;o(&1ns), and
fitted those logarithmic decay constants to a normal distribution. We found that normal distribution with mean 16.1 and standard
deviation 1.27 gave the best fit. In the following, we will abbreviate this by saying that the decay constant is distributed
lognormally, &~ Ly (4qp; Owp) With mean ugp = 16.1, Oy = 1.27.

¥ Since the r-values are already ratios, their representation on a logarithmic scale is straightforward, »dB =10 log(r). Again, the
histogram of the 45 can be fitted by a normal distribution, now with mean —4 and standard deviation 3.
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pathloss model. Our proposal does not specify the pathloss, but leaves that as a separate topic —
we anticipate several proposals to cover that problem.

Moreover, because of the shadowing phenomenon, the G, varies statistically around the
value given by the path loss law. In accordance with the literature, we propose a lognormal
distribution [10, 11], the standard deviation of the associated normal random variable equal to
437

IV. RELATIONSHIP BETWEEN PARAMETERS

The SSA-PDP of the channel may be expressed as

g =3 Gidr-1,), @)

k=1

where the function g(r) can be interpreted as the average energy received at a certain receiver

position and a delay 7, normalized to the total energy received at one meter distance, and Nypiys 1S
the total number of bins in the observation window. Assuming an exponential decay starting
from the second bin, we have

g(n =G B(T-1,)+ %52 xp[— (1, = 7,)/€] (T - 1,), (3)

k=2
where £1is the decay constant of the SSA-PDP.

The total average energy received over the observation interval 7' is

G = j g(n)dr =G + %52 exp[— (1, —1,)/£] (4)

Summing the geometric series we obtain
G = Gi[l + rF ()], )

where r =G> / G\ is the power ratio, and

Again, we are considering the logarithm of the path-loss, which is already a ratio (of total received energies at distances of d
meters and 1 meter), so that the lognormal distribution can be interpreted analogously to the one for r-
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1 - exp[_ (Nbins - l)A T/f] |:| 1

F(e) = l—exp(—AT/g) l—exp(—AT/é').

(6)

The total normalized average energy is lognormally distributed, due to the shadowing, around
the mean value given from the path loss model PL:

G ~ Ly(~PL;4.3). (7)

Inverting (5) we obtain the average energy gains as

_ G fork =1

— 1+rF(€)

Ge = G ) ()
e ¢ fork =2,..,N,,.
1+7rF (&)

and (2) may be rewritten as

_ Vel Nping _(5-1,)
g<r>=i{6(r—n)+2{re ‘ }ar—m} ©)

V. SMALL-SCALE STATISTICS

The differences between the PDPs at the different points within a room (over a finely-spaced
measurement grid) are caused by the small-scale fading. In “narrowband” models, it is usually
assumed that the magnitude of the first (quasi-LOS) multipath component follows Rician or
Nakagami statistics and the later components are assumed to have Rayleigh statistics [12].
However, in UWB propagation each resolved MPC is due to a small number of scatterers, and
the amplitude distribution in each delay bin differs markedly from the Rayleigh distribution.

In fact, we found that the best-fit distribution of the small-scale magnitude statistics is the
Nakagami distribution [13], corresponding to a Gamma distribution of the energy gains. This
distribution has been used to model the magnitude statistics in mobile radio when the conditions
of the central limit theorem are not fulfilled [14].
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The variations over the measurement grid are treated as stochastic. Let us denote with [ (2
m) the Gamma distribution with parameters 2 and m. The parameters of the Gamma distribution
vary from bin to bin: I (2 m;) denotes the Gamma distribution that describes the energy gains

of the local PDPs in the A bin within each room. The Q, are given as Qx = G,, i.e., the
magnitude of the SSA-PDP in the K® bin. The m; are related to the variance of the energy gain of
the &% bin, and decrease with the increasing excess delay.

The my parameters of the Gamma distributions themselves are random variables distributed
according to a truncated Gaussian distribution, denoted by m ~ Ty (um; O.), i.e., their
distribution looks like a Gaussian for m = 0.5 and zero elsewhere:

_Gmu,)
f.(x)=1{K,e 2 if x>0.5 (10)

0, otherwise

where the normalization constant K, is chosen so that the integral over the f,(x) is unity. Mean
and variance are given as

I

/'Im(rk):3'5_§7 (11)
2 — Tk
a'm(rk)_1'84_@’ (12)

where the unit of 7; is in nanoseconds.

Finally, the phases of the impulse response in the delay bins are correlated as uniformly
distributed random variables (between 0 and 21). For pure baseband pulses, the model specifies
equally likely positive or negative amplitudes.

VI. IMPLEMENTATION RECIPE

In our model the local PDP is fully characterized by the pairs {G,,7,}, where 7, =(k - 1) AT

with A7=2ns. The G, are generated by a superposition of large and small scale statistics. We

start out by generating the total mean energy G,, at a certain distance according to (7). Next,

we generate the decay constant & and the power ratio » as lognormal distributed random
numbers

Submission Page 9

Dajana Cassiolif, Student Member, IEEE, Moe Z. Win, Senior Member,IEEE, and Andreas F.
Molisch, Senior Member, IEEE



June, 2002 IEEE P802.15 02/284 SG3a

£ ~Ly(16.1;127), (13)
r~Ly(-4;3). (14)

We set the width of the observation window to be 7= 5 &. Thus, the SSA-PDP is completely
specified according to (9). Finally, we generate the local PDPs by computing the normalized

energy gains G.”of every bin k and every location i as Gamma distributed independent
variables. The Gamma distributions have the average given by (8), and the m, ’s are generated as
independent truncated Gaussian random variables

m, ~ Ty (4,(7,);0,(T,)) (15)

with g (7,) and 0.(7,) givenby (11)and (12).

The computer implementation is summarized in the flowchart of Fig. 1; the statistical models
and required parameters are shown in Table II. Small changes in the receiver position result in
different local PDPs, corresponding to different realizations of the local energy gains G, ’s,

whereas the SSA-PDP does not change. When the changes of the receiver position are such that
the environment changes as well, the SSA-PDP should be generated according to the new large
scale conditions, and the local PDPs are generated about the new SSA-PDP.

TABLE II

GLOBAL PARAMETERS = G,, and G,

tot

Path Loss to be determined from other models
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Shadowing @ ~ L, (-PL; 4.3)
Decay Constant & ~ Ly (16.1; 1.27)
Power Ratio r~Ly(-4;3)

LOCAL PARAMETERS = G,

Energy Gains G, ~ r(Ek ;M)

m~ TN(/'{m(Tk);O-ri(rk))

T
m values 71,)=3.5--%
T
o*(r,)=1.84- -

VII. CONCLUSIONS

We propose a statistical, tapped-delay line model for the fading statistics of UWB indoor
channels. This model is based on the analysis of an extensive measurement campaign in a typical
office building. Furthermore, the model is flexible and can be adapted to different environments,
e.g., residential homes, by adjusting the parameters.

In contrast to narrowband models, the energy statistics due to small-scale effects follow a
Gamma distribution for a// bins, with the m-factor decreasing with increasing excess delay. The
variations of the large-scale parameters, such as the total averaged energy, decay constant, and
ratio of the energies in the first and second bin, can be modeled as stochastic parameters that
change, e.g., from room to room.

With this model, accurate performance predictions of UWB spread spectrum systems become
feasible. In a recent work [Cassioli et al., ICC 2002], we have used the model to analyze
different types of Rake receivers, showing the usefulness of the proposed model.
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APPENDIX I. THE UWB PROPAGATION EXPERIMENT

Although the purpose of this document is the modeling of the channel rather than on the
experiment itself, for the convenience of the reader, we give a review of the UWB propagation
experiment that closely follows [5].

A UWB experiment was performed in a modern laboratory/office building having the floor
plan shown in Fig. 2. The measurement technique employed in this measurement campaign is to
probe the channel periodically with nanosecond pulses and to record its response using a digital
sampling oscilloscope (DSO).

A diagram of the measurement apparatus is shown in Fig. 3. The UWB antennas, which are
flat and roughly the size of a playing card, display nearly circularly symmetric patterns about
their vertical axes. One of the three UWB antennas is set in close proximity to the transmit
antenna to supply a trigger signal to the DSO over a long fixed length coaxial cable. Therefore,
all recorded multipath profiles have the same absolute delay reference, and time delay
measurements of the signals arriving to the receiving antenna via different propagation paths can
be made. During each of the multipath profile measurements, both the transmitter and receiver
are kept stationary.

The transmitted waveform, measured by the receiving antenna placed Im away from the
transmitting antenna with the same height, is shown in Fig. 4. The repetition rate of the pulses is
2x10° pulses per second, implying that multipath spreads up to 500 ns could have been observed
unambiguously. Multipath profiles with a duration of 300 ns were measured (Fig. 5). Multipath
profiles were measured at various locations (see Fig. 2) in 14 rooms and hallways on one floor of
the building. Each of the rooms is labeled alpha-numerically. Walls around offices are framed
with metal studs and covered with plaster board. The wall around the laboratory is made from
acoustically silenced heavy cement block. There are steel core support pillars throughout the
building, notably along the outside wall and two within the laboratory itself. The shield room’s
walls and door are metallic. The transmitter is kept stationary in the central location of the
building near a computer server in a laboratory denoted by F. The transmit antenna is located
165 cm from the floor and 105 cm from the ceiling.

In each receiver location, impulse response measurements were made at 49 measurement
points, arranged in a fixed-height, 7 x 7 square grid with 15 cm spacing, covering 90cm x 90cm.
A total of 741 different impulse responses were recorded. One side of the grid is always parallel
to north wall of the room. The receiving antenna is located 120 cm from the floor and 150 cm
from the ceiling.

Profiles measured over in offices U, W, and M are shown in Fig. 5. The approximate
distances between the transmitter and the locations of these measurements are 10, 8.5, and 13.5
meters respectively. Figure 5 also shows that the response to the first probing pulse has decayed
almost completely in roughly 200 ns, and has disappeared before the response to the next pulse
arrives at the antenna. The multipath profiles recorded in the offices W and M have a
substantially lower noise floor than those recorded in office U. This can be explained, with the
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help of Fig. 2, by observing that Office U is situated at the edge of the building with a large glass
window and is subject to more external interference (e.g. from radio stations, television stations,
cellular and paging towers), while Offices W and M are situated roughly in the middle of the
building. In general, an increased noise floor was observed for all the measurements made in
offices located at edges of the building with large glass windows.

APPENDIX Il. DATA PROCESSING AND ANALYSIS RESULTS

We processed all the multipath profiles measured in the 14 rooms and obtained 14x49
different power delay profiles (PDPs). We separately analyze the effects of the large and small
scale fading statistics. The large scale fading characterizes the changes in the received signal
when the receiver position varies over a significant fraction of the transmitter - receiver (T-R)
distance and/or the environment around the receiver changes. This situation typically occurs
when the receiver is moved from one room to another room in a building.’> The small-scale
effects, on the other hand, are manifested in the changes of the PDP caused by small changes of
the receiver position, while the environment around the receiver does not change significantly.
This occurs, for instance, when the receiver is moved over the measurement grid within a single
room in a building.

In the following, we refer to the PDP measured at one of the 14x49 locations as /ocal PDP,
while we denote the PDP averaged over the 49 locations within one room as the small-scale
averaged PDP (SSA-PDP). This spatial averaging (mostly) removes the effect of small scale
fading.

The small scale statistics are derived by considering the deviations of the 49 local PDPs from the
respective SSA-PDP. The large scale fading may be investigated by considering the variation of
the SSA-PDPs over the different rooms. We also make a distinction between the “local”
parameters, which refer to the small scale effects, and the “global” parameters, extracted from
the SSA-PDPs. For clarity, all the symbols and parameters are listed in Table I.

Since the absolute propagation delays of the received signals vary from one location to another,
an appropriate delay reference is needed to characterize the relative delays of each resolved
MPC. We take the reference 7r.r as the absolute propagation delay, i.e., the delay of the direct or
quasi line-of-sight (LOS) path given according to the geometry: 7z, = d/c, where d is the T-R
separation distance and c is the speed of light. We then translate the delay axis of the measured
multipath profiles for each location by its respective Tz

As in [2], the delay axis is quantized into bins, and the received power is integrated within
each bin to obtain the local PDP in terms of the pairs {G), 7;}, where Gy is the energy gain
defined as the ratio between the energy received at a T-R distance d, over a bin width AT

3 There could also be large-scale changes within one room if it is large enough. However, with our measurement setup and
choice of measurement points, this effect could not be observed. It is also possible that some of the 49 measurement points
within one room were shadowed. However, it was not possible to separate this effect from the small-scale fading (see also Sec.
5).
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beginning at the delay 7; = (k -1) Az, and the total energy received at the reference distance of
one meter.

We chose the widths of the bins to be A7 = 2 ns. This value is a good compromise between high
delay resolution, and reduction of the effects of noise and imperfect back-to-back calibration.

To reduce the noise we set the power of all the bins below a threshold to 0. The threshold was
set to be 6 dB [15] above the noise floor, which is defined as the average noise energy within one
delay bin. The noise floor for each room is computed separately, namely by computing the
energies per bin from the portion of the PDP that is measured before the first multipath
component arrives (i.e., before 7z.s), and averaging these energies over the 49 locations within a
room.

A. The Large Scale Statistics

All SSA-PDPs exhibit an exponential decay as a function of the excess delay. Since we
perform a delay axis translation, the direct path always falls in the first bin in all the PDPs.” It
also turns out that the direct path was always the strongest path in the 14 SSA-PDPs even if the
line-of-sight is obstructed. The energy of the subsequent MPCs decay exponentially with delay
starting from the second bin. This is illustrated by the fit (linearly on a dB scale) in Fig. 6 using
the SSA-PDP of a typical high SNR room.

Let G = Aspa{Gx} be the locally averaged energy gain, where the Asp.{} denotes the spatial
average over the 49 locations of the measurement grid. The average energy of the second MPC

may be expressed as a fraction r of the average energy of the direct path, i.e. » = G,/G,. We
refer to » as the power ratio. As we will show in Sec. IV, the SSAPDP is completely

characterized by G,, the power ratio r, and the decay constant £ (or equivalently, by the total

average received energy G, 7, and £).° The number of resolved MPCs is given by the number
of the MPCs that exceed the threshold discussed above and thus, given the threshold, it depends
on the shape of the SSA-PDP, characterized by the parameters G, , , and & We performed best-
fit procedures to extract the £'s and the »’s from the SSA-PDP of each room.

The power ratio » and the decay constant £ vary from location to location, and we treat them
as stochastic variables. As only 14 values for £ and r were available, it was not possible to

extract the shape of their distribution from the measurement data. Instead, we assumed a model a
priori and fitted the parameters of this distribution. Previous narrowband studies showed that the

* Here and through all the paper, energies are normalized to the total energy received at 1 m distance.

> According to the bin’s width in the delay domain, we can only resolve the MPC’s arriving at differential delay greater than 2
ns. Thus, even if more than one path arrives within the bin, we refer to the content of each bin as one MPC.

6 This is due to the fact that Gtot is related to G1, r, and &, see Sec. IV.
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decay constants are well modeled as lognormal variates [10]. We found that the lognormal
distribution, denoted by & ~ Ly (¢gs; Omi), With ugs = 16.1 and gup = 1.27 gives the best
agreement with the empirical distribution.” The histograms of the experimental decay constants
and the theoretically-fitted distribution are shown in Fig. 7. Applying the same procedure to
characterize the power ratios »’s, we found that they are also lognormally distributed, i.e., 7 ~ Ly
(uraB; Orgs) With u,qp = -4 and G4 = 3, respectively.8

We also investigated the possible correlation of the decay constant with the T-R separation,
by applying a linear regression to the £'s versus the distance. As Fig. 8 shows, the regression fit
of the decay constants £'s decreases with the increasing distance so slightly that we can conclude
that it is de facto independent.

By integrating the SSA-PDP of each room over all delay bins, we obtained the total average

energy G,, within each room. We then analyzed its dependence on the T-R separation. As
suggested by the scatter plot of Fig. 9, we adopt a breakpoint model, commonly referred to as
dual slope model, for path-loss PL as a function of the distance.

The regression lines are shown in Fig. 9 and the parameters extracted by performing a best-fit of
the empirical attenuation are:

2040 dld,)),d =11m
L:{ og,, (dld,) (A1)

-56+740og,, (did,),d >11m

where PL is expressed in dB, dy=1 m is the reference distance and d is the T-R separation

distance in meters. Because of the shadowing phenomenon, the G, varies statistically around
the value given by (Al). A common model for shadowing is lognormal distribution [10, 11]. By

assuming such model, we found that G is lognormally distributed about (A1) with a standard
deviation of the associated normal random variable equal to 4.3.

B. The Small Scale Statistics

7 To be more precise, we converted the decay constants to a dB scale with reference value 1 ns, i.e., &g =10 logo(&1ns), and
fitted those logarithmic decay constants to a normal distribution. We found that normal distribution with mean 16.1 and standard
deviation 1.27 gave the best fit. In the following, we will abbreviate this by saying that the decay constant is distributed
lognormally, &~ Ly (4qp; Owp) With mean uqgp = 16.1, Oy = 1.27.

¥ Since the r-values are already ratios, their representation on a logarithmic scale is straightforward, »dB =10 log(r). Again, the
histogram of the 745 can be fitted by a normal distribution, now with mean —4 and standard deviation 3.

Again, we are considering the logarithm of the path-loss, which is already a ratio (of total received energies at distances of d
meters and 1 meter), so that the lognormal distribution can be interpreted analogously to the one for r-
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The differences between the PDPs at the different points of the measurement grid are caused
by the small-scale fading. In “narrowband” models, it is usually assumed that the magnitude of
the first (quasi-LOS) multipath component follows Rician or Nakagami statistics and the later
components are assumed to have Rayleigh statistics [12]. However, in UWB propagation each
resolved MPC is due to a small number of scatterers, and the amplitude distribution in each
delay bin differs markedly from the Rayleigh distribution.

In fact, the presented analysis showed that the best-fit distribution of the small-scale
magnitude statistics is the Nakagami distribution [13], corresponding to a Gamma distribution of
the energy gains. This distribution has been used to model the magnitude statistics in mobile
radio when the conditions of the central limit theorem are not fulfilled [14].

We characterize the small scale statistics by fitting the received normalized energies { G\” } in
each bin at the 49 locations of the measurement grid to a distribution.'’

The variations over the measurement grid are treated as stochastic. The result shows that the
statistics of the energy gain vary with delays. Let us denote with [ (£, m) the Gamma
distribution with parameters 2 and m. The ['(£; m) gives a good fit of the empirical distribution
of the energy gains. The accuracy of the fit has been quantified in terms of the relative mean
squared error, which varies between 0.0105 (for the highest SNR) to 0.1137 (for the lowest

SNR). A comparison between experimental and theoretical histograms for one exemplary bin in
a typical high-SNR is shown in Fig. 10.

The parameters of the Gamma distribution vary from bin to bin: [ (£Qk; my) denotes the
Gamma distribution that fits the energy gains of the local PDPs in the A bin within each room.

The Qy are given as Qx = G, , i.e., the magnitude of the SSA-PDP in the K bin. The my, are
related to the variance of the energy gain of the A bin. Figure 11 shows the scatter plot of the my
as a function of excess delay for all the bins (except the line-of-sight components). It can be seen
from Fig. 11 that the m; values range between 1 and 6 (rarely 0.5), decreasing with the increasing
excess delay. This implies that MPCs arriving with large excess delays are more diffused than
the first arriving components, which agrees with intuition.

The my parameters of the Gamma distributions themselves are random variables distributed

according to a truncated Gaussian distribution, denoted by m ~ Ty (um; O.), i.e., their
distribution looks like a Gaussian for m = 0.5 and zero elsewhere:

G,
f(x)=1K,e 2, if x=0.5 (A2)
0, otherwise

where the normalization constant K, is chosen so that the integral over the f,,(x) is unity.

' In the notation G,il) the subscript & indicates the k2 bin at delay 7, while the superscript i indicates the /™ location on the grid.
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Figure 12 shows the mean and variance of such Gaussian distributions that fits m; as a function
of the excess delay, along with the respective regression lines. The regression lines are given by

Iy

u (1)) :3.5—%, (A3)
o2 (1)) :1.84—1%‘0, (Ad)

where the unit of 7; is in nanoseconds.
C. Correlation of MPCs Among Different Delay Bins

We next evaluate the correlation between the energy gain of the MPCs arriving in the same
room at different excess delays as

_ ASpa {(Gk - G_k)(Gk +m - Gk+m }
Iok,k+m I .
\/ASpa t(Gk - Gk )ZJ ASpa l(Gk+m - Gk+m )ZJb

The analysis shows that the correlation coefficients remain below 0.2 for almost all rooms and
delay bins, and is thus negligible for all practical purposes. This allows important conclusions
about the propagation mechanisms. Correlation could come from three effects:

(i) each scatterer could induce “wavelength dispersion” by having strongly frequency dependent
reflection/diffraction properties in the considered band

(ii) the delay of a scatterer could lie at the boundary of two adjacent bins even after the time-of-
arrival shift described above, or

(iii) the uncorrelated scattering (US) assumption [16] could be violated.

Since the correlation coefficients are very small, we conclude that none of those three effects has
a marked impact.

We summarize our findings of the data analysis as follows. The average energy gains G, vary

both with the excess delay and the large scale conditions, while the m; parameters depend only
on the excess delay. "’

11 . . . .
Future refinements of the model could include spatial coherence lengths for the Gk ’s and my’s, as well as a possible distance

dependence of the m;’s.
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Given the G_k and the my, the normalized energy gain of the MPCs arriving in the same room at

different excess delays are independent realizations of the gamma distribution I (G_k; my).
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INPUT PARAMETERS
T-R distance d
Statistical Distribution parameters
({Table 11)

INIZIALIZATION
Large Scale Fading parameters:
€ =Lognormal(i,:7,)
r=Lognormal{y, ;o,)
Sampling instants [ At =2ns):
T, =(k=1)At
Tyuy =€
N k=L . ./

I
|
I
|
I
|
|
|
|
|
|
|
I
I
I
Path Loss & Shadowing :
I
I
I
|
I
|
I
|
|
|
|
|
|
|
|

Total Average Normalized Energy (G

|

Exponential decay __

! Average Path Gains (G

Fal

LARGE SCALE
FADING

INIZIALIZATION
i=1;
k=1;

T, =(k—=1)At

m parameters
pk=p(tk) and  ok=o{k)

mk = Truncated Gaussian{ pk;ok)
i=it1; i k=k+1
k=1; T, =(k—DaAt
T, =(k—=1)At
‘ I
NO
NO

SMALL SCALE
STATISTICS

YES
output plots
CDF calculation

Fig.1. The flowchart of the simulation procedure.
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Fig.2. The floor plan of a typical modern office building where the propagation measurement
experiment was performed. The concentric circles are centered on the transmit antenna and are
spaced at 1 meter intervals.
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Fig.3. A block diagram of the measurement apparatus.
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Fig.4. The transmitted pulse measured by the receiving antenna located 1m away from the
transmitting antenna with the same height.
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Fig.5. Average multipath measurements of 32 sequentially measured multipath profiles where
the receiver is located at the same exact locations in offices U (upper trace), W(middle trace),and
M (lower trace). The measurement grids are 10,8.5,and 13.5 meters away from the transmitter

respectively.
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Fig.6. The average power delay profile versus the excess delay in a semi-logarithmic scale for a
typical high SNR room. The wavy line is the measured profile, the straight line is the exponential
decay obtained by a best fit procedure.
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Fig.7. Histograms of the experimental decay constants € (a) and of the theoretically-fitted
distribution (b). The decay constants are expressed in logarithmic units by referring to
nanoseconds.
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Fig.8. Scatter plot of the decay constants ¢ versus the T-R distance. The solid line is the
regression fit whose slope is -0 .22ns/m.
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Fig.9. Scatter plot of the large scale attenuation versus the logarithm of the distance. The solid
line represents the best-fit with the path loss model of (1).
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Fig.10. Histogram of the receive energy in the 34 th bin of a typical high SNR room,compared
with the theoretical Gamma distribution,whose mean Q34 and m 34 were extracted from the
experimental PDP. The energies on the horizontal axes are expressed in arbitrary units.

m - parameters

150 200
Excess Delay (ns)

300

Fig.11. Scatter plot of the m-Nakagami parameters of the best fit distribution versus excess delay

for all the bins except the line-of-sight components. Different markers correspond to
measurements in different rooms.
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Fig.12. Scatter plot of the mean values (dots)and the variance (circles)of the Gaussian
distributions that fit the experimental distribution of m values at each excess delay. The solid

lines represent the linear regression for these parameters, respectively.
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