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Abstract

Ultrawideband (UWB) is one of the most promising communication technologies in recent
times with the promise of high data rates and spectral reuse.

This work analyses the outdoor and outdoor-to-indoor propagating characteristics of the
UWB pulse, which can be of the order of a few gigahertz in bandwidth. The am of the
thesis is to provide the parameters needed in order to develop a channel model for such
cases. The channel model would then play an important role in determining physical layer
(PHY) solutionsto optimally exploit these characteristics.

The measurements carried out on the Virginia Tech campus are used to compute
parameters such as path loss, penetration loss and delay statistics. These are carried out in
multiple frequency bands and the results are compared across frequency bands to determine
effect of different frequency levels on the parameters.

Finally the results are analyzed with respect to similar parameters obtained in other
measurement campaigns in an attempt to evaluate the performance of Ultrawideband vis-a

vis narrowband systems.
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1 Introduction

Ultrawideband (UWB) is a communications technology with the potentia to
provide high data-rate wireless services with relatively ssmple low power radio hardware.
The Federal Communications Commission’s (FCC) first report and order on February 14,
2002 [2], heralded the first attempt towards the standardization of a system for different
applications with the allocated frequency bands being collocated with existing licensed
spectrum. From a telecommunications standpoint, data rates of the order of gigabits per
second were seen possible over short distances in the unlicensed regime. Given the
enormous bandwidth available, UWB has attracted the attention of a large number of
manufacturers with potential applications from short-distance, high data rate multimedia
communications to medical imaging.

This has come at an opportune time when most of the RF spectrum (1 — 10 GHz)
has already been partitioned and alocated to licensed operators — resulting in a drought of
available spectrum. UWB seems to provide the very answer to this problem offering the
possibility of both spectrum reuse and coexistence with existing narrowband systems.
Furthermore, advances in VLSI technology have enabled on-chip implementations feasible
making UWB systems a very attractive proposition.

The nomenclature of Ultrawideband was provided primarily by the Department of
Defense (U.S.A) around 1989 in respect to impulse-based systems. In it’s most basic form
the FCC defined UWB as any system with a fractional bandwidth of greater than 20%, or a
system with a bandwidth greater than 500MHz [2].

Specifically

fH - fL > 20% Egn. 1.1

fH+fLA

where fy and f_ defined the upper and lower bounds of the 10dB bandwidth
respectively. In addition, the FCC aso prescribed a spectral mask (Figure 1.1) that would

provide some level of interference protection to critical bands such as GPS. In the U.S.A



the frequencies between 3.1 — 10.6 GHz were allocated for short-range communication
systems. Depending upon the application i.e. ranging or imaging the spectral mask was
accordingly adjusted depending upon the potential interference provided by the intended
application to existing users.
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Figure 1.1 FCC Spectral Mask for UWB for short-range communications|[2]

With these definitions in hand a great deal of work has been done in analyzing the
UWB propagation environment [7] and in the use of sub-nanosecond pulses [6] to satisfy
the given mask. Two flavors of UWB have since developed — Impulse UWB (I-UWB)
which uses short pulses to transmit data and Multi-band OFDM-UWB, which makes use of
spread spectrum techniques to spread the information across the available frequency band.
The work carried out for this thesis is attuned towards the former, using sub-nanosecond
pulses to sound and obtain the channel characteristics.

A bulk of the propagation studies [3] and corresponding channel models[7] which have
been developed have catered largely to indoor environments, since UWB, in its present
form is best suited for high data rate, short-range communications in dense multipath
environments. Thisis due to the fine time resolution afforded by the sub-nanosecond pulses

along with the power-limited regime under which it is allowed to operate.



This thesis analyzes the propagation mechanism of ultrawideband across different
frequencies and environments. This research is primarily focused on outdoor and outdoor-
to-indoor environments, which have not been studied as evident from the lack of available
literature [8], [4]. There are several challenges in undertaking UWB outdoor channel
sounding. There is a lack of dense, resolvable multipath as is available indoors, since the
distances between reflecting surfaces are typically far greater as compared to indoor
locations. The low maximum transmit power of —41 dBm/MHz severely restricts the
maximum range. At the receiver, the large bandwidth required at the front end increases the
noise bandwidth that reduces the sensitivity of the receiver. However there are several
applications, both civil and military such as sensor networks and imaging that operate at
low data rates in such environments. The work is primarily aimed at such applications
where information about the channel would be a useful tool in the PHY design.

The thesis is comprised of the following sections. Chapter Il serves as a literature
review, and in doing so highlights the lack of results in UWB outdoor propagation. It also
serves to introduce the parameters which are required for the development of a channel
model, namely pathloss, power delay profile (PDP) and small-scale time parameters for the
outdoor propagation and penetration loss for the outdoor-to-indoor propagation. The
section further discusses how these parameters should be analyzed given that the
measurements no longer use CW signals and the signals could potentially occupy
bandwidths of the order of gigahertz.

Chapter 11l describes the hardware designed to undertake the measurements in the
bands of 200-400 MHz, 1.0-2.0 GHz, 2.0-4.0 GHz and 6.0-7.0 GHz. It also throws light on
the issue of antenna design for Ultrawideband systems. A description of the locations
chosen for both outdoor channel sounding and buildings used for the penetration loss
experiments is provided. The chapter discusses the post processing carried out on the
obtained data with the necessary computations to obtain the channel parameters.

Chapter 1V and V analyze the results obtained from the outdoor and outdoor-to-indoor
propagation experiments respectively. This is done in sequentia order for each individual
frequency band under consideration. The pathloss, power delay profile and the small-scale
time parameters are obtained for each frequency band. In Chapter V the penetration loss is

also calculated in addition to the other channel parameters. At each stage the parameters



obtained are discussed with respect to the environment in which the measurements are
taken to aid in interpreting the results. Additional results in terms of energy per multipath
component are also provided.

In Chapter VI the parameters are compared against results, both narrowband and
ultrawideband obtained in the available scientific literature. Given the paucity of published
outdoor UWB literature this serves in part in an attempt to validate the results. At the same
time differing results provide atool to compare the UWB propagation characteristics vis-&
vis narrowband continuous wave (CW) parameters at similar frequencies.

Chapter VII concludes the thesis, highlighting the main points of the discussion and
providing some pointers towards potential applications and possible future work to further

this study.



2 TheUltrawideband Propagation Environment

Channel sounding is used to estimate parameters to develop a channel model. The
signa that is transmitted propagates through the channel and experiences multiple echoes
before reaching the receiver. These multipath components suffer different levels of delay
and attenuation depending upon the path. The signal also experiences large scale fading in
terms of pathloss. These measurements are statistically averaged to serve as parameters for
the channel model.

Large-scale parameters are characterized in terms of pathloss that describes the average
signal strength over a distance in terms of the pathloss exponent. It provides an estimate of
the rate at which the signal fades over a large area. Traditional pathloss models have made
use of Friis free space propagation model where the wavelength  was the frequency of

transmission.
2
L= @ Egn. 2.1

In the Friis equation the wavelength is factored in due to the gain of the antenna

G:4'0'A\E where A. is the effective aperture of the antenna. The pathloss is thus

/2
dependent on the frequency dependent gain of the antenna.

Siwiak [4] carried out studies in indoor environments taking the frequency as the center
frequency of the UWB pulse. In computing the pathloss he considered the center frequency
of the UWB pulse in determining the exponent. However given the bandwidth involved
and the pulse shape dependent power spectral density it seems impractical to use the same
for UWB systems as an accurate estimate of path loss. To better estimate of the pathloss
exponent we determine the ratio of the total energy received over all frequencies of interest
to the total energy received at a known reference distance. At the receiver this energy
would include al the multipath components received above a predetermined threshold. In
this manner since both the reference and received pulse have the same frequency dependent

characteristic the common frequency component is eliminated in the pathloss computation.



The noise floor of the receiver defines the threshold. At the same time we also compute the
pathloss due to the strongest path, which would typically be the LOS path.

E d., n Egn. 2.2
E ref average ) d
where
fa
E, = E, (f)df
fy
E Energy received at distanced
E e Energy received at reference d. assuming free space
propagation
n Pathl oss exponent
f1, 2 Frequencies denoting upper and lower 10dB points

It is also important to note that when we consider energy in our discussions we refer to
the total energy in a single pulse. Consider the following pulse stream as indicated in
Figure 2.1.

'|
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Figure 2.1 Pulse with high energy per pulse and low average energy (T; >> T,)
Where

T
Eoa = E()dt

0

Egn. 2.3

Tp Eqn. 2.4
E :T_ Etotal

avg
f

This is unlike CW signals where average energy is considered. In I-UWB systems due

to a low pulse repetition rate (T;) as compared to the pulse time period (Ty) it would be



possible to have alow average energy while transmitting a high peak energy signal. In this
case the total energy would be a better representation of the transmit energy.

The work by Cassioli [5] aong with Siwiak [4], both carried out in indoor
environments indicate that as compared to narrowband CW signals UWB would tend to
have lower pathloss. However due to larger distances between reflecting surfaces at
outdoor locations the total signal received above the threshold would be made up of fewer
multipath components. This would lead to a greater pathloss. It is also seen that the UWB
signal is not subjected to destructive interference of the incoming multipath at the receiver
— the signals arriving as delayed resolvable echoes. This is aso observed in outdoor
channels.

The single work carried out specificaly in UWB outdoor propagation isby Win [8] ina
semi-rural environment. The study caters towards the penetration of UWB baseband
(centered at 1.3 GHz) pulses through trees and provides results of time based small-scale
parameters. It is observed that the delay statistics are in the order of tens of nanoseconds,
which is evident due to the outdoor environment. In other studies [7], [5] undertaken
towards the development of the UWB standard it is observed that few multipath
components overlap each other resulting in reduced interference. These studies, which were
carried out in indoor environments observe a pathloss less than two and delay statistics less
than ten nanoseconds. At the same time the multipath is no longer continuous and there can
be delay bins in which no multipath components fall and are empty. This can also be
observed in outdoor environments since the arrival interval of the multipath is dependent
on the difference in distance between the LOS pulse and reflected pulse. Assuming a pulse-
width of 0.3ns corresponding to a bandwidth of 3 GHz destructive interference will occur if
the differential delay is less than 0.15ns i.e. a path difference of 0.45m. This is not
characteristic of outdoor propagation where the path differences are typically of greater
orders of magnitude unless the receiver is surrounded by clutter.

RMS delay spread, power delay profile (PDP) and excess delay are the means of
describing the primary characteristics of the multipath channel. Since the ultimate goal
would be to develop a complete channel model we aim to provide the above-described

parameters, which typically define the channel model. This would be based on the type of



environment (outdoor/ outdoor-to-indoor) and path (LOS/NLOS). As illustrated in [8] as
the distance increases the delay spread could increase to reflect the different paths.

The mean excess delay is the first moment of the PDP while the rms delay spread is the
square root of the second central moment of the PDP.

alf t Egn. 2.5

P _ Kk
t= 2
=h

k
242
_ a’t
f2=k )

Where
ac  Amplitude of the K" multipath component.
K Time delay of the K" multipath component with respect to the first arriving
multipath

The delays are measured with respect to the first arriving signal. Given the small pulse-
width, it is intuitive that the multipath components will be specular. Another factor that is
taken into account is the environment in which the multipath are received. In indoor
environments [3] it is possible to detect the presence of a large number of multipath
components due to the numerous paths obtained from reflections off the indoor surfaces.
However in outdoor environments, the absence of reflecting surfaces along with decreased
sensitivity at the receiver due to the large receiver noise bandwidth severely limits the
number of multipath that can be detected .

There has been little research carried out in analyzing the outdoor-to-indoor penetration
with respect to ultrawideband [41]. The sub-gigahertz band of 200-400 MHz is within the
FCC band for imaging and sensing applications. This is also the military UHF
communication band. The channel sounding in the band was suggested by our sponsors.
UWB may have some unique advantages in this respect. The bandwidth available may

overcome any frequency selective attenuation by surfaces as seen in narrowband CW



signals. At the same time the fine time resolution offered is useful in imaging applications.
The 6-7 GHz band is aso studied with regards to wireless LAN based applications. Given
that commercial environments have different architectural features of windows, concrete
and glass walls etc. the pulse can not only propagate through the walls but also penetrate
through the other openings. The work by Durgin [29] serves as a tool of reference in the
study of the penetration loss. Along with the penetration loss, the contribution of pathloss
for such types of propagation is also studied. Finally an attempt is made to extrapolate the
results based on the different frequency bands used similar to the attempt by
Devasirvatham [23].



3 Measurement System

3.1 Channel Sounder

The channel measurements are taken with the VA Tech short pulse channel sounder.
The sounder employs a pulse generator in the transmitter and a sliding correlator sampler
for the receiver. A block diagram of the sounder is shown in Figure 3.1. It differs from
conventional UWB systems in that the output is band-limited. This is consistent with the
FCC definition of UWB. The FCC spectrum mask above 950 MHz assumes a bandpass
system rather than a simple baseband impulse. This is accomplished using bandpass filters.
Table 3.1 tabulates the available filters and the peak power available for each band. Each
filter is athree-section filter with a Butterworth response since they provide a good impulse

response.

Table 3.1 Filtersand Transmitter Power

| 3dB BW | Peak Transmitter Power (W)
| 200 — 400 MHz | 1.0

| 10002000 MHz | 0.25

| 20—4.0GHz | 0.5

| 6.0—7.0GHz | 1.0

3.1.1 Measurement Transmitter
The transmitter operates at 200,000 pulses per second with 5usec repetition time

l[imiting the maximum range to approximately 1500 m. The total time of flight plus the
delay of any multipath components must be less then Susec. The transmitter pulser
employs a step recovery diode (SRD) [12]. It creates a 500 psec Gaussian monocycle,
which is bandpass filtered and amplified. The clock for the transmitter is a 10 MHz oven
controlled crystal oscillator (OCXO). The OCXO is operated from a battery backed up
supply to insure long-term stability, and the transmitter and receiver oscillators are “zero

beat” before each measurement run.
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Figure 3.1 Channe Sounder
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Receiver

3.1.2 Measurement System Receiver and Timing
The receiver employs a high-speed sampler where the sampler operates at a dlightly

lower rate than the transmitter. The result is that the sampling instant progresses in time
with respect to the transmitter pulse. The transmitter runs at 200,000 pulses per second
(5usec) and the receiver runs at 199,995 samples per second. The time between each
receiver sample is 5usec + 125 psec. The effective sampling rate is 8GHz. However, it
requires 40,000 transmitter pulses for the receiver to step through the entire Susec between
transmitter pulses. This time dilation requires 200ms being required to acquire one PDP.
The time dilation factor can be computed as given in Egn. 3.1.

a___ 200000 _ 0000 Eqgn. 3.1

TD = = =
a- b 200,000- 199,995

Timedilation factor

: Transmitter pulserate
: Receiver sample rate
Figure 3.2 describes this effect graphically.
The receiver timing is controlled by an OCXO similar to the one in the transmitter.
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Received Signals
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Figure 3.2 Timing Diagram

3.1.3 UWB Antenna

Other campaigns [13] have glossed over the importance of the antennain developing a
UWB propagation model, although antennas widely vary in their response towards an
impulse. It is found that classica broadband antennas may not be useful for impulsive
based applications. A comparison between the impulse response of the Archimedian spiral
and a Vivaldi antenna is given in Figure 3.3 and Figure 3.4. The spira has a wide 10:1
bandwidth. In the time domain it produces a ringing effect resulting in a large tail that is
reflected in its impul se response.
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Figur e 3.3 Received Time-Domain Wavefor m of the CBAS Figure 3.4 Received Time-Domain Wavefor m of the
Link

Vivaldi Link
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The Vivaldi antenna however is both broadband in nature and produces an impulse
response that is the first derivative of the input pulse. This distortion free pulse aids in
characterizing the channel independent of the antenna.

A pair of Vivaldi antennas [14] are used for measurements above 1 GHz. They offer
good impulse response and are non-dispersive as compared to other broadband radiating
structures [15]. The limitation is that they are directiona with a beam-width of ~40
degrees.

180

270

Figure 3.5 Antenna Pattern of the Vivaldi Aerial
The antenna pattern for the Vivaldi Aeria is shown in Figure 3.5. The 200 — 400 MHz

measurements were conducted with omni-directional discone antennas.

3.2 Measurement L ocations
Measurement locations were chosen to provide diverse propagation environments in

order to develop a comprehensive database from which the UWB parameters could be
developed. Before each measurement session a calibration is carried out by connecting the
transmitter and receiver via coax cable with varying levels of attenuation to establish the
linear operating range of the channel sounder and to provide for a reference waveform
(Figure 3.6) for further analysis.
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Figure 3.6 Reference Pulse (1-2 GH2)
Since the existing literature on other outdoor UWB models is limited [8], scenarios

similar to other narrow band measurement campaigns were selected as typica
environments. The idea is to conduct measurements in an environment with widely
varying topologies and surfaces. Locations near Burchard Hall, Cowgill Hall, and Hancock
Hall on the VA Tech campus are chosen for the outdoor measurements. Figure 3.7 is a
drawing of Burchard Hall. The building space itself is underground and the roof is a
concrete plaza with pyramidal glass skylights, columns, and low walls. There are a number
of trees adong the upper edge of the plaza. The area represents a rich multipath
environment. Additional locations are chose behind Cowgill and Hancock Hall (8.1). Here
the buildings where close together and formed a*“ canyon.”

Each location has up to 10 different distances measured between the transmitter and
receiver. Both NLOS and LOS measurements are taken with an emphasis towards NLOS
since they provide more multipath. The surfaces off which reflections are obtained varied
from smooth walls to rough limestone surfaces at these locations.

Outdoor-to-indoor measurements are conducted in the Modular Building, a wood
structure located behind Cowgill Hall, Durham Hall, and Randolph Hall. Durham and
Randolph Hall are stedl, brick, and stone buildings.
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Figure 3.7 Sample M easur ement L ocation

The requirement was for measurements in commercia environments and three
buildings with differing structure and composition were chosen.
1. Modular Building houses the CWT RF lab and it was used for the preliminary
measurements. The walls inside are made of drywall with wooden studs. The interior
walls are about 2 meters high and they are open at the top in tall cubicles. The floor and
the roof are wood. The exterior walls are wood studs with wood windows and doors and
aluminum siding. It is similar to pre-fabricated building structures in commercial areas
[8.2].
2. Randolph Hall is primarily a concrete and brick structure. It is a three-story
building with classrooms, offices, and hallways. Initial experiments show that the signal
did not directly penetrate severa walls. It propagated via openings (doors etc.) down the
hallways [8.2].
3. Durham Hall is similar in construction to Randolph. It is four stories tall and it
contains of alarge number of laboratories and offices. The outer structure is a combination
of glass, limestone and concrete that enables the signal to pass through and propagate
through the building. Heavy attenuation by the walls and the low transmit power greatly

reduces direct through wall propagation. In order to determine building penetration, two
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reference measurements are taken. One is taken just inside the glass doors in the vestibule.
This measurement represents a minimum of penetration loss. The second reference

measurement is taken behind the inner glass doors of the vestibule [8.2].

3.3 Reference M easurements
Reference measurements are taken in the far field. These measurements are used as a

reference to compute the pathloss. The impulse response of the bandpass filter along with
the frequency band under consideration determines the number of cycles in the reference
pulse. For this set of measurements at each location a total of 5 pulses were averaged to
improve the SNR.

1. The reference measurement at 200 — 400 MHz is an LOS measurement at a distance
of 2.286m. This distance is chosen to ensure that the antennas are in the far field. The
reference pulse is shown in Figure 3.8. The bandpass filters in the transmitter and receiver
are approximately 200 MHz wide at the 3 dB points.

2. The reference measurement at 2.0 — 4.0 GHz is taken on Perry Street at a distance
of 549m. The Perry Street location provides a clear LOS path with a minimum of
reflections and the range ensures that the antennas are in the far field. The 2.0-4.0 GHz

reference pulseis shown in Figure 3.9.

Reference Pulse (200 - 400 MHz) @ 2. 2m

0.8 ! H . E

Amplitude (V)

1 1
60 70 80 90 100 110
Time (ns)

Figure 3.8 Reference Pulse (200 — 400 MHZz)
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Reference Pulse 2 - 4 GHz @ 5.4864m
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Figure 3.9 2.0- 4.0 GHz Reference Pulse
3. The reference pulse for the 6 - 7 GHz measurement is a LOS pulse taken on Perry

Street at a distance of 3m. Although the pulse has a bandwidth of approximately 750 MHz,
it exhibitsalong “tail.” Thisisafunction of the impulse response of the filters. The pulse
is band-limited to 1.0 — 2.0 GHz and then is up-converted to 6.0 - 7.0 GHz. The result is
that the pulse must pass through two additional filters in the process of up and down

conversion. Thereference pulseis shown in Figure 3.10.
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Figure3.10 6.0 - 7.0 GHz Reference LOS Pulse. Thedisplayed pulseisthe 1.0 — 2.0 GHz the output of
the 6.0 — 7.0 GHz downconverter
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4, A reference measurement for the 1.0 — 2.0 GHz band is taken at a distance of 1.0m.
The reference pulse is basically the impulse response of the bandpass filter and shows the

presence of some ringing as can be seen in Figure 3.11.
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Figure 3.11 Reference Pulse 1-2 GHz

3.4 Data Processing
The collected data is post processed to obtain the pathloss exponent, delay spread,

excess delay, and the distribution of multipath components. This section outlines data
processing methodol ogy.

1. Measurements are made at five different points approximately 0.3 meters apart at
each measurement point. The outdoor-to-indoor measurements are taken in a straight line
and the outdoor measurements are conducted in a square grid. The measurement grid is
shown in Figure 3.12. The smaller size of the Vivaldi antennas permits the grid
measurement. The larger Discone antennas used in the outdoor-to-indoor measurements do

not lend themselves to a grid measurement and are moved along alinear track [14].
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2. Ten data samples from each measurement location are averaged together. The

pulses are aligned using a simple peak detect algorithm that align the pulses using the
strongest peak as a reference. The swept-time delay diding correlator measurements are
not absolute time but relative time measurements. The algorithm does not degrade the
pulse. The averaging improves the signal to noise ratio (SNR). The effect of this
averaging can be seen in Figure 3.13. Averaging 10 pulses results in a SNR improvement
of 5.0 dB. Averaging requires that the channel is stationary over the duration of the
measurement. To ensure that this assumption is valid, most of the measurements were
taken after college working hours to provide arelatively static environment.

3. The averaged data is then up-sampled from the effective sample rate of 8.0GHz to
40GHz.

4, A threshold is empirically computed for each measurement by taking the last 1000
samples of the data. These last samples represent a range of approximately 1500 m. This
is far beyond the expected range of any multipath components so the last 1000 samples
contain only noise. The mean and standard deviation are calculated and the threshold is
calculated using:

Threshold =mean+a ~ std deviation Eqgn. 3.2
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i Effact of Averaging on SNR
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Figure 3.13 Effect of Averaging on SNR

The optimum threshold was found to be 3 standard deviations above the mean. This
defines the noise floor for the receiver.
5. Using aclear LOS pulse in the desired frequency band as areference, the number of
samples comprising the ‘up-sampled’ pulseis determined. Given this knowledge, a power
delay profile is obtained by stepping through the data with a correlation peak-searching
algorithm to locate the presence of multipath components. The energy of each multipath
component and time of arrival with respect to first arriving pulse is then calculated from the
output of the correlation.
6. The path-loss exponent n and its standard deviation are calculated. The path-loss
exponent was computed with respect to the reference measurement. Two primary path-loss
exponents are computed: one for the total energy in the entire received signal and one for
the strongest received pulse. The calculations are made for both the LOS and NLOS cases
in the outdoor measurements.
7. For the outdoor-to-indoor measurements, the path-loss exponents are computed for

each of the measurement sites.
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The path loss anaysis applies the minimum mean square error (MMSE) estimate to
calculate the path loss exponent, n, and the standard deviation about the pathloss, s. The

sum of the square error is given by [16]:

k

Jin)= (r,-8) Eqn. 33
i=1

where

k number of samples

ri the estimated received energy in dB

e the received energy in dB

Egn. 3.3 isafunction of n due to the estimated energy, which is found using:

d. Eqn. 3.4
& = ,(dy)- 10nlog() +a
0

do LOS reference distance
n path loss exponent
a recelver attenuation variation from the reference

The derivative of J(n) is taken and the resulting equation set equal to zero to solve for n.

The sample variance is then determined from:

g2 =3 Eqn. 35

8. The mean excess delay ( ), rms delay spread ( ) and the excess delay spread (at the
20dB level) are calculated to characterize the time parameters of the multipath channel.
The energy in each multipath component and the time of arrival of each multipath is
recorded.

0. For outdoor-to-indoor measurements the primary consideration is the attenuation
offered by the externa walls and the partitions of the building. In the present study, we
evauate the feasibility of UWB under the same circumstances.

We define the penetration loss as the difference in the mean signal level between the
measurement taken at a fixed location outside and the reference measurement taken indoors
on the opposite side of the wall in a straight LOS path to the receiver [17]. This is
illustrated in Figure 3.14. A measurement is taken with the transmitter just inside and just
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outside of the wall in question. Additional measurements are then taken leaving the
transmitter fixed outside and moving the receiver to various points indoors. For outdoor-

to-indoor measurements, the range is limited by the low average transmitter power and the

additional lossin the wall.

—€

}_\V.ﬂ L L

Figure 3.14 Outdoor-Indoor Penetration L oss Calculation Arrangement

Using the measurement setup, locations and data processing techniques discussed and

extensive data set was accumulated to compute the channel parameters.
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4 Outdoor Ultrawideband M easurements

The outdoor measurements are carried out at different locations around the Virginia
Tech Campus in the frequency bands of 1-2 GHz, 2-4 GHz and 6-7 GHz. Limited receiver
sensitivity results in the usage of directional antennas resulting in fewer multipath being
obtained. The maximum range obtained (LOS) is dependent upon the peak transmitted
power at each frequency band and is a maximum of ~250m at the 6.0-7.0 GHz band.

A line of sight (LOS) reference measurement is carried out in an open, low reflection,
area on Perry Street. This LOS measurement is used as the loss reference for the pathloss
exponent calculations since it is possible to isolate the clear LOS path from the other

reflections.

Figure4.1 Perry Street LOS

4.1 Pathloss
The pathloss exponent is calculated with both the LOS or NLOS measurements. The

pathloss exponent and standard deviation are computed for LOS paths, for NLOS paths
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including the total received energy, and for NLOS paths where only the strongest multipath
is considered.

411 2-4GHz
The LOS pathloss approaches the free space pathloss and the results of the LOS

measurements are shown in Figure 4.2. Figure 4.3 and Figure 4.4 show the pathloss over
the different NLOS locations. Figure 4.3 is the NLOS pathloss considering the entire
received energy and Figure 4.4 is the pathloss considering only the strongest arriving
signal. The results are tabulated in Table 4.1.

Table 4.1 Outdoor Pathloss Exponentsfor 2.0 - 4.0 GHz

[ Type [ @’
| LOS | 1.9 1070 |
NLOS—AIll multipath | 4.2 (239 |
NLOS-—strongest Path | 4.5 (244 |

30

Free Space Path Loss (2-4 GHz)
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Figure4.2: 2.0-4.0 GHz LOS Pathlossreferenced to free space including all locations

The results indicate that in an LOS environment the pathloss approaches that of free
space — with the NLOS pathloss being significantly larger. In the latter case, the number of
multipath obtained are dependent upon sensitivity of the receiver to extract the weaker

multipath from the noise.
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The large variance obtained can be attributed to the differing characteristics of the
locations. It is also important to note that in some occasions the positions of the transmitter
and receiver are setup to force areflection off a surface — either smooth or rough in nature.
It is experimentally realized in a power limited regime the only way to receive asigna was

an arrangement with the antenna facing a reflecting surface.
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Figure4.32.0-4.0 GHz NLOS Pathloss using all received energy for all locations
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412 6-7GHz
The LOS pathloss exponent for 2.0 — 4.0 GHz and 6.0- 7.0 GHz are close to being
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Figure 4.4 2.0 - 4.0 GHz NLOS Pathloss using only the strongest component for all locations

equal. However, the pathloss exponent for 2.0 — 4.0 GHz NLOS is greater than that

measured for 6.0 — 7.0 GHz. The standard deviation of the pathloss exponent at 6.0 — 7.0
GHz is significantly greater than that at 2.0 — 4.0 GHz. The results are tabulated in Table

4.2.

Table 4.2 Outdoor Pathloss Exponentsfor 6.0 - 7.0 GHz

[ Type n [ @
| LOS | 1.9 1065 |
'NLOS- Tota Energy (289  [284 |
| NLOS- Largest Component | 2.92 | 2.85 |

The difference in the 6.0 — 7.0 GHz pathloss exponent when the total energy is

considered compared with the pathloss when only the largest multipath component is

considered is much smaller as compared to other frequency bands. This suggests that

either the largest multipath component occupies a significant portion of the received energy

or there is very few other significant multipath. Figure 4.5 shows the LOS pathloss. Figure
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4.6 and Figure 4.7 gives the pathloss for the NLOS case where all the energy and only the

largest multipath component are considered.

LOS Pathloss for 6-7 GHz Qutdoors
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Figure 4.5 LOS Pathlossfor all locations
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Figure 4.6 NLOS Pathloss with total received energy for all locations
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Pathloss due to strongest multipath componentfor 6-7 GHz Outdoors
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Figure 4.7 NLOS Pathloss with only strongest multipath for all locations

413 1-2GHz
The LOS path follows the free space pathloss characteristics and the NLOS results are

characteristic for typical cellular type NLOS environments.

Table 4.3 Outdoor Pathloss Exponentsfor 1.0 - 2.0 GHz

[ Type [ @)
LOS 19 0.79 \
| NLOS— All multipath | 3.0 | 1.45 \
| NLOS—Largest multipath | 3.2 148 |

The results obtained for al three cases are graphically illustrated in Figure 4.8, Figure
4.9, and Figure 4.10. Figure 4.8 is the pathloss for all the outdoor LOS paths, Figure 4.9 is
the pathloss for the outdoor NLOS paths with the energy from all multipath components,
and Figure 4.10 is the pathloss for the NLOS paths considering only the strongest
multipath.
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LOS Pathloss at 1-2 GHz Outdoors
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Figure 4.8 1.0 — 2.0 GHz Outdoor L OS Pathloss

It appears that compared to the 6-7 GHz results the 1-2 GHz band seems to suffer a
lower NLOS pathloss. This would indicate that given the same bandwidth the pathloss
seems to be directly proportional to the frequency. This is along the lines of the result
which would have been obtained using the classical Friis equation where the pathloss
would increase with an increase in frequency.

Comparing the results with those obtained for the 2-4 GHz a higher pathloss is obtained
at that band points. This indicates that a larger bandwidth increases the receiver noise,
decreasing the sensitivity. It is also noted that all the LOS data tends to fal the free space
pathloss of 2.0.
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Figure4.9 1.0 - 2.0 GHz NLOS Pathloss including all multipath components
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Figure4.10 1.0 — 2.0 GHz NLOS Pathloss considering only the strongest multipath component
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4.2 Power Delay Profile (PDP) and Time Dispersion Parameters
421 2-4GHz

4.2.1.1 Power Delay Profile
Figure 4.11 shows a Burchard Hall power delay profile for the 2.0 — 4.0 GHz band. The

multipath components tend to arrive in discrete time intervals rather than continuously.
Figure 4.12 is the received pulse and it is possible to discern a multipath component out to
approximately 50 ns.

Semple PDP st Burchard Hall 2-4 GHz @ 7.2152m {Complete)
T T

Energy (V)

Figure 4.11 Burchard Hall 1, discrete clusters of multipath (inset —zoomed in version)
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Time Domain Plot indicating clustering of multipath
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Figure 4.12 Burchard Hall 1, Clustering of Multipath in Time Domain

4.2.1.2 Small Scale Time Parameters

Small-scale time parameters are computed for both the LOS and NLOS data. The

results obtained for each location and the overall small-scale parameters are tabulated in

Table 4.4 below.
Table 4.4 Small Scale Time Parametersfor 2.0 —4.0 GHz outdoor s

Location M ean Excess Delay RM S Delay Spread Excess Delay Spread
- ( ng (20dB) ns
(f n9)

| Burchard Hall 1 | 6.16 | 5.80 | 635

| BurchardHall 2 | 1.57 | 10.59 | 69.2

| Burchard Hall 3 | 6.55 | 4.04 | 36.7

| Cowgill Hall | 7.94 | 3.77 | 90.2

| Hancock Hall | 9.16 1121 | 28.6

| Average | 9.64 | 5.16 | 52.87

422 6-7GHz

4.2.2.1 Power Delay Profile
The 6.0-7.0 GHz PDP's show the presence of a maximum of three multipath

components.

This is significantly fewer than observed in other bands. However the

multipath components arrive at distinct time intervals and are resolvable. Depending upon

the configuration and arrangement, a weak direct component is obtained that may have
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been due a direct path through concrete followed by a single bounce off a good reflector.
(Figure 4.13)

PDP at Cowgill Hall (NLOS) (6-7 GHz) @6.0198m
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Figure 4.13 PDP at Cowgill Hall at 6.0198m. Notetheearly arriving pulse

4.2.2.2 Small Scale Time Parameters

Small Scale time parameters are obtained at each location. Table 4.5 contains the
results. At some locations we obtain just a single path that results in no delay spread. The

number of multipath components tend to decrease with increasing frequency.

Table 4.5 Small Scale Time Parametersfor 6.0—7.0 GHz

L ocation ‘ M ean Excess Delay RM S Delay Spread Excess Delay Spread

- ( ng) (20dB) ns
(f ns)

| Burchard Hall 1 | 7.02 | - | 13.3

| Burchard Hall 2 | 5.80 | 2.38 | 11.4

| Burchard Hall 3 | 34.40 | 15.69 | 86.0

| Cowgill Hall | 22,6 | 1.80 | 45.1

| Hancock Hall | 8.40 | 1.37 | 22.2

| Average | 15.64 | 4.25 | 35.6

423 1-2GHz

4.2.3.1 Power Delay Profile
Due to the low transmitter power and the directional antennas, only a few multipath

components are observed. The presence of multipath seems to be dependent on the
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presence of a strong reflector in the vicinity. The Cowgill Hall and Hancock Hall “canyon”
produce strong reflections.

PDP at Cowgill Hall 1-2 GHz @6.018m
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Figure 4.14 Power delay profile at Cowgill Hall

4232 Small Scale Time Parameters

The delay spread is computed for both the LOS and NLOS data. The results obtained
for each location and the overall small-scale parameters are tabulated in Table 4.6.

Table 4.6 Small Scale Time Parametersfor outdoor 1.0 —2.0 GHz

L ocation M ean Excess Delay RM S Delay Spread Excess Delay Spread
- ns (20dB) ns
t ns
| Burchard 1 | 17.53 | 5.21 | 36.35
| Burchard2 | 29.38 | 10.36 | 61.49
| Cowgill | 38.538 | 19.18 | 95.59
| Average | 28.48 | 11.58 | 64.47

We obtained the largest mean excess delays and the smallest excess delay spread of all
the bands in the 1.0 — 2.0 GHz regime. The small rms delay spread indicates that the first

few multipath components constitute a major portion of the received energy.



4.3 Characterization of Multipath Components

431 2-4GHz
Three to five multipath components are detected depending upon the location and
distance from transmitter. In the case of obstructed paths, most of the received energy is

via reflections and there could be an absence of a dominant path as indicated in Figure
4.15.

Sample Multipath Number and Energy Distrbution
2-4 GHz @10.34m

8o .

Energy (V2)

o
|

Multipath Number

Figure 4.15 Burchard Hall 1, Multipath Number and Energy at 10.34m NLOS
In comparing the strongest multipath component to the total received energy, the
strongest component in some cases can be as much as 50% of the total received energy
over all the multipath components. This is graphically illustrated in Figure 4.16 which

shows the ratio of the total energy to the strongest component of the signal at different
distances from the transmitter.
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Figure4.16: Strongest Multipath is>50% of total Energy Received
432 6-7GHz
As noted earlier, we see very few multipath components as compared to 2.0 - 4.0
GHz. Figure 4.17 shows the energy in the various multipath observed at Cowgill Hall Note

that this path had very little directly ray energy. Figure 4.18 compares total received
energy to the energy in the strongest component for the Burchard 1 location.

Number and Energy in Multipath Components - Cowgill Hall 6-7GHz
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Figure 4.17 Number and ener gy of observed multipath at Cowgill.
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Figure 4.18 Comparison between strongest multipath component and total energy received at
Burchard 1.

433 1-2GHz
In many locations, only a single weak attenuated signal is obtained and in the presence

of good reflectors only one or a maximum of two multipath components is observed. The
primary arriving signal constitutes the majority of the energy in the signal. This can also be
attributed to the higher threshold (7 standard deviations) required due to interference and
fewer pulses being averaged (5 instead of 10) reducing the sensitivity of the system. The
results are shown in Figure 4.19 and Figure 4.20. Figure 4.19 indicates the presence of two

multipath components where the first multipath component is the most significant of the
two.
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x10

4-
3.5

Bl

Energy (Vz)

- N}
- 3] o 3]
/ / / /

o
[}
/

T
/

T

Multipath Number

Figure 4.19 Number and Strength of Multipath at Cowgill Hall
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Figure 4.20: Largest Component and Total Energy of all Multipath at Cowgill Hall
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5 OQutdoor-to-Indoor M easurements

Outdoor to indoor measurements are carried out to study the propagation of UWB
signals into buildings. The transmitter is placed outside the building and the receiver
placed at various locations inside. These measurements are carried out in three buildings
on the VA Tech campus: the Modular Building, Durham Hall and Randolph Hall. The
modular Building is a small wood framed building and Durham and Randolph Halls are
conventional concrete, stone, and steel academic buildings. The UWB pulse propagates
through a range of materias in these buildings. The path length is of the order of 10's of
meters. The measurements are made in two bands: 200 — 400 MHz with omni-directional
discone antennas and 6.0 — 7.0 GHz with the Vivaldi antennas.

The majority of outdoor to indoor propagation studies [29] [30] have been oriented
towards determining indoor coverage for a wireless system with an outdoor base station.
The primary consideration is the attenuation offered by the external walls and the partitions
of the building. In the present study, we evaluate the feasibility of UWB under the same
circumstances. Pathloss and multipath characteristics are discussed.

5.1 Pathloss
The pathloss calculations for the outdoor-to-indoor measurements computations

incorporate two factors — the penetration loss suffered by the signal in propagating through
the outer wall and the indoor pathloss between the wall and the receiver. Indoor pathlossis
a result of either multiple reflections within a passage or direct penetration through the

inner walls.

5.1.1 200-400 MHz

5.1.1.1 Modular Building
The pathloss exponent is computed using both the strongest pulse and the total energy
over the entire multipath. The pathloss exponent is calculated using the data from all

measurement locations. Theresults areindicated in Table 5.1.
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Table 5.1 Pathloss at M odular Building

| Ener gy | n | (dB) |
| Strongest Pulse | 2.7 | 0.86 |
| Tota Energy | 19 | 071 |

When the total energy is considered, the pathloss exponent approaches a value less than
2 since it is possible to collect energy from multiple reflections indoors. However, when
the strongest pulse is considered, the path loss exponent is larger. This is typical of

obstructed paths. The increase in the exponent can be seen in Figure 5.1 and Figure 5.2.

Total Pathloss including all multipath components at Modular Building
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Figure5.1 Total Energy Pathlossin Modular Building

Pathloss due to strongest multipath component at Modular Building
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Figure 5.2 Pathloss of Strongest M ultipath Component in M odular Building
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The values obtained seem to indicate the structure of the building provides very little
loss to the UWB signal. The modular building has wooden framework and many windows.
The inner walls and partitions are a'so wood based. This provides alow level of attenuation
to the UWB pulse resulting in lower penetration loss. The total pathloss — consisting of the

indoor pathloss along with the penetration loss is lowered.

5.1.1.2 Durham and Randolph Hall
In Durham and Randolph Halls, the pathloss exponent and its standard deviation

resemble those of a NLOS path. This can be attributed to the fact that the concrete and
brick walls attenuate the signals more that the wood and aluminum siding of the modular
building. The pathloss exponent is calculated using the data from all measurement
locations. The results of the pathloss calculation are tabulated in Table 5.2.

Table 5.2 Path L oss exponents and Standard Deviation for Durham Hall and Randolph Hall

| Location | Energy N | (dB)
Durham Hall | Total | 39 | 0.91

| Strongest | 44 | 0.94

Randolph Hall | Total | 32 | 0.32

| Strongest | 39 | 0.77

Total energy pathloss in Durham Hall is shown in Figure 5.3 and the pathloss for the
strongest component in Durham Hall is shown in Figure 5.4. The total energy pathloss in
Randolph Hall is shown in Figure 5.5 and the Randolph Hall strongest component pathloss
isshown in Figure 5.6.

As can be seen from Figure 5.3 and Figure 5.4 since the pulse is propagated through the

hallway the directional antennais sufficient to collect most of the energy in the pulse.
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Total Pathloss including all multipath components at Durham Hall
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Figure 5.3 Durham Hall Total Energy Pathloss

Pathloss due to strongest multipath component at Durham Hall
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Figure 5.4 Durham Hall Pathloss with Strongest M ultipath only
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Total Pathloss including all multipath components at Randolph Hal
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Figure 5.5 Randolph Hall Total Energy Pathloss
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Figure 5.6 Randolph Hall Pathlosswith Strongest M ultipath only
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512 6-7GHz
Pathloss loss is computed for both the strongest component multipath and the total

received energy for both Durham Hall and the Modular Building. The results are tabulated
in Table5.3.

Table 5.3 6.0 — 7.0 GHz Pathloss Exponents

| L ocation | Energy | n | (dB)
Modular Building | TotalEnergy | 54 122

| StrongestPath | 6.4 | 137

Durham Hall | Tota Energy | 44 | 0.69

| StrongestPath | 5.6 | 125

The signals in the Modular Building appear to be attenuated to a far greater extent than
those at Durham Hall. One possible reason could be that in the Modular Building, the
signal is forced to propagate through the wall, while in Durham hall, the pulse can
propagate via windows, doors etc. into the hallways where the measurements were taken.
Both measurement locations exhibit a loss exponent consistent with NLOS paths. The
pathloss is calculated with respect to the LOS reference. Zero dB in Figure 5.7, Figure 5.8,
Figure 5.9, and Figure 5.10 isthe LOS reference | oss.

Total Pathloss including all multipath components at Modular Building
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Figureb5.7 Total Pathloss at Modular Building



Pathloss due to strongest multipath component at Modular Building
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Figure 5.8 Strongest Path Pathlossat M odular Building

The lower value of n in Durham Hall than the value of n in the Modular Building is
unexpected. It is expected that n would increase in the concrete and stone Durham Hall. In
an effort to understand this phenomenon, the Durham Hall measurements are divided into
short-range measurements up to approximately 10 meters and the longer-range
measurements.  For the short measurements with the directional Vivaldi antennas, we
anticipate that the signal must come directly through the glass and metal walls in the entry
hall. The windows are coated with a“low — ” tin oxide coating. However as we progress
through the corridor, the receiver sees a more indoor environment. There are additional
paths and the antenna intercepts more reflected energy. This results in the pathloss
exponent decreasing to factor in the indoor propagation. Table 5.4 is a comparison of the
pathl oss exponent at various ranges. Figure 5.11, Figure 5.12, Figure 5.13, and Figure 5.14
show the pathloss exponents for the long and short-range calculations.

Table5.4: Comparison of pathloss exponentsin Durham Hall.

Type Energy ‘ n ‘
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All Outdoor-to-Indoor M easurements Total 4.25
All Outdoor-to-Indoor M easurements Strongest 554
Short Range ~ 10 meters Tota 2.89
Short Range ~ 10 meters Strongest 3.29
Long Range > ~ 10 meters Tota 2.93
Long Range > ~ 10 meters Strongest 3.35

Figure5.9 Total pathloss at Durham Hall employing all measurements.

46




Figure5.10 Strongest multipath component pathloss at Durham Hall employing all measurements..

Figure5.11 Durham Hall pathloss at short range employing all multipath components

47



Figure5.12 Durham Hall pathloss at long range employing all multipath components

Figure5.13 Durham Hall pathloss at short range employing only the strongest component
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Figure5.14 Durham Hall pathloss at long range employing only the strongest component

Another factor that should be taken into consideration is the type of antennas used in
the measurement. While the lower frequency band has omni-directional antennas with
corresponding lower gain they are able to receive alarger number of multipath over shorter
distances. The directional antennas used at higher frequencies obtain a greater range at the

expense of fewer multipath components for an extended range.

5.2 Characterization of the Multipath
The multipath analysis is conducted on similar lines as the outdoor campaign. Due to

the smaler distances involved and the presence of many potential indoor reflecting
surfaces a larger number of detectable multipath are realized. These are characterized on

the basis of their small-scale time parameters.

5.2.1 200-400 MHz

5.21.1 Power Delay Profile
The incoming signal is correlated with the reference signal to generate a power delay
profile (PDP). The threshold for the correlated output is set at 20dB below the strongest

pulse. This defines the dynamic range of our system. A sample PDP from the Modular
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Building is shown in Figure 5.15 with PDP's from Durham and Randolph Hall shown in
Figure 5.16 and Figure 5.17 respectively.

Figure5.15 Sample Power Delay Profile from the Modular Building
Eight to ten resolvable multipath components are detected. In the case of the Modular

Building and Durham Hall, the first arriving components are not the strongest. This is
typical of NLOS paths. The distribution appears to be exponential. The main pulse appears
to be made up of more than one resol vable multipath.

Figure5.16: Sample Power Delay Profile from Durham Hall.
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Figure5.17 Sample Power Delay Profile from Randolph Hall

5.2.1.2 Small Scale Time Parameters

Two sets of the small-scale time parameters are computed for each location. For the
first set, the transmitter is placed indoors, just inside the outer wall (the outdoor position of
the transmitter would be on the outer side of this wall). Comparison of the two sets of
measurements gives an insight into the propagating mechanism of the signal. For the
second set, the transmitter is placed outdoors and the measurements repeated. The results
obtained are tabulated in Table 5.5.

Table 5.5 Small Scale Time Parameters

Location ‘ M ean Excess ‘ RMS Delay ‘ Excess Delay Spread
- Spread ( ns) (20dB) ns
Delay (£ ns)
| Modular Bldg. | 15.06 | 1022 | 106.25
| Modular BldgRef. |  18.31 | 1311 | 136.69
| Durham Hall | 159 | 11.23 | 10870
|  DurhamHalRef. | 1835 | 1376 | 13333
| Randolph Hall 1721 | 1314 | 130.60
| RandolphHall Ref. |  18.08 | 1249 | 12384
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Table 5.5 shows that the mean excess delay and the rms delay spread are small
compared with the excess delay spread. The strong multipath tend to arrive within a short
time of the first arriving pulse; however there are multipath components with far smaller
energy which arrive after numerous reflections.

5.2.1.3 Multipath Characterization

The energy of individual multipath components is extracted and plotted verses time
giving a time distribution of the multipath. Plots of the number and strength of the
multipath at each of the outdoor-to-indoor locations are given in Figure 5.18, Figure 5.19,
and Figure 5.20. The energy in the strongest multipath component is compared with the
total received energy in Figure 5.21, Figure 5.22, and Figure 5.23. A significant portion of

the received energy is contained in the weaker multipath components.

Figure5.18 Modular Building M ultipath Time Distribution
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Figure5.19 Durham Hall Multipath Time Distribution

Figure5.20 Randolph Hall Multipath Time Distribution
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Figure5.21 Comparison of Total Energy with Largest Multipath Component at the Modular Building

Figure 5.22 Comparison of Total Energy with Largest M ultipath Component at Durham Hall



Figure 5.23 Comparison of Total Energy with Largest Multipath Component at Randolph Hall

522 6-7GHz
5.2.2.1 Power Delay Profile

6.0 — 7.0 GHz power delay profiles (PDP) are shown in Figure 5.24 and Figure 5.25.
Both locations show an average of 4-5 multipath components. The 200 — 400 MHz
measurements show up to 7 multipath components. It is likely that the loss is higher at 6.0
— 7.0 GHz. Higher loss coupled with directional antennas result in fewer detectable
multipath.

It was not always possible to resolve individual multipath. Either the sounder did not
have adeguate time resolution or the multipath is aresult of non-specular reflections. There
seems to be evidence of a continuum. There would possibly be many surface structures of
the same order as the wavelength in question. This would potentially give rise to scattering
and diffraction producing a continuum in the multipath. An example of this is shown in

Figure 5.26 and Figure 5.27. This measurement was obtained in the Modular Building.
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Figure5.24 Power Delay Profile at the Modular Building

Figure5.25 Power Delay Profile at Durham Hall
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Figure 5.26 Combining of successive multipath components

5.2.2.2 Small Scale Time Parameters

Table 5.6 contains the small-scale time parameters for the 6.0 — 7.0 GHz indoor-to-
outdoor measurements.

Table5.6: Small Scale Time Parameters

Location M ean Excess Delay RMSDelay Spread | Excess Delay Spread
- ns (20dB) ns
t ns
| Modular Building | 9.07 | 343 | 33.10
| Durham Hall | 15.54 | 8.32 | 75.81

The delays obtained in the 6-7 GHz band are significantly less than the delays for the
200 — 400 MHz band. This can be explained by the fact that there are fewer multipath
components and the presence of higher attenuation at 6.0 — 7.0 GHz as compared to 200 —
400 MHz. Also the small mean excess delay with respect to the excess delay spread
indicate that most of the prominent multipath components occur within a short time period

following thefirst arriving pulse.
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5.2.2.3 Multipath Characterization

As noted above, the measurements at 6.0 — 7.0 GHz yield far fewer multipath
components as compared to the 200 — 400 MHz measurements. Directional antennas are
used for the 6.0 — 7.0 GHz measurements, which improve the range due to an increased
gain and discriminate against the off axis multipath. Another possible explanation for
fewer multipath components is higher attenuation at the higher frequency. The typica
distribution of the number of multipath at 6.0 — 7.0 GHz and their respective energies are
givenin Figure 5.27 and Figure 5.28.

Figure 5.29 and Figure 5.30 show the total received energy and the energy in the
strongest multipath component as a function of range. The plots show the strongest
multipath component comprises approximately 50% of the total energy received. Given
that there are a maximum of 4 significant multipath components, a two or possible three-

finger rake receiver could be used.

Figure5.27 Plot of Energy and Number of Multipath Componentsin the Modular Building
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Figure5.28 Plot of Energy and Number of Multipath Componentsin Durham Hall

Figure5.29 Relation of Total Energy and Strongest M ultipath Component in the Modular Building
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Figure 5.30 Relation of Total Energy and Strongest M ultipath Component in Durham Hall
5.3 Penetration L oss

5.3.1 200-400 MHz
The pathloss of the reference indoor measurement is compared with a measurement
taken just on the opposite side of the outdoor wall. The building penetration loss is

computed from these two measurements. The computed wall lossistabulated in Table 5.7.

Table 5.7 Summary of Penetration Loss (200 — 400 MHz)

| Location | Penetration Loss (dB) |
| Modular Building |  2.08 |
| Durham Hall | 1092 |
| Randolph Hall | 401 |

The modular building is predominantly a wooden structure and provides the least
attenuation while the double concrete walls and limestone of Durham Hall and the brick

and concrete framework of Randolph Hall exhibits significantly higher loss.

532 6-7GHz
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The penetration loss for both the Modular Building and Durham Hall is higher for 6.0 —
7.0 GHz than for 200 — 400 MHz. Theresults are tabulated in Table 5.8.

Table 5.8 Penetration Lossat 6.0 —7.0 GHz

| Location | Penetration Loss (dB) |
| Modular Building | 9.65 |
| Durham Hall | 11.93 |

The difference in penetration loss in Durham Hall at the two frequency bands under
consideration is not of the order of the difference observed in the modular building. This
may be attributed to the frequency dependent characteristics of the material of the

respective walls. It indicates that the rate of attenuation with frequency is greater for wood
as compared to concrete.
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6 Evaluation of the Empirical Ultrawideband Parameters

In this chapter we will evaluate and compare the UWB parameters obtained from both
the outdoor and the outdoor-to-indoor measurements with measurements obtained both
from other UWB measurements and other narrowband measurements in similar frequency
bands. One of the difficulties faced during this study was the absence of other measurement
campaigns in the UWB regime. It is possible that there have been other studies conducted
primarily by defense-related concerns whose results are classified or proprietary
commercia information.

However, in order to validate the results, the parameters are compared against similar
results from the limited UWB literature and available narrowband CW campaigns. The
results in the sub-gigahertz segment are compared against measurements in the 200-400
MHz range. The 1-2 and 2-4 GHz measurements are evaluated against the ISM and cellular
band results. The results obtained at the 6.0-7.0 GHz band were compared with results
obtained in campaigns undertaken in the 802.11a band at ~5.5 MHz. Though not an exact
comparison, we can evaluate parameters of pathloss, time dispersion parameters and

penetration loss against these measurements.

6.1 Outdoor Measurements
Currently there is only one major reference [8] that describes outdoor UWB

propagation. This is focused on rura terrain and it used a baseband system with a
bandwidth of 1.3GHz. This section compares reported results from narrowband and
‘wideband’ systems with the results obtained by our UWB measurement campaign. The
parameters, which are highlighted, are the pathloss exponent and the small-scale time
parameters that define the multipath, namely the mean excess delay, rms delay spread and
the excess delay spread. For each of the three bands, our results are compared with the
results published at frequencies in and around the band in question.

The systems used for comparison are mainly cellular and wireless LAN applications.
Most of the systems are able to transmit well over 500m [18] and have bandwidths from 1
KHz [19] to 200 MHz [20]. Average transmitter power ranging from 30dBm [21] to
47dBm [30], which resulted in greater range and sensitivity due to the lower bandwidth.
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The results used for the comparison are mainly of measurements in locations ranging from

residential environments[19] to urban built up areas[23].

6.1.1 Pathloss

The UWB pathloss is compared with the pathloss obtained in other studies. The
comparisons are grouped by environment and frequency band. The reported narrowband
results below 2 GHz are grouped together for comparison with the 1.0 — 2.0 GHz UWB
band, narrowband results between 2-5 GHz were compared with the 2.0 — 4.0 GHz UWB
measurements, and frequencies over 5 GHz were compared with the 6.0-7.0 GHz band.
The comparison is presented in Table 6.1, Table 6.2, and Table 6.3.

Table 6.1 Comparison of outdoor path loss exponents obtained by various resear cherswith our UWB
path loss exponentsin the 1.0 — 2.0 GHz band.

| Reference | Type | Pathloss Exponent
| Devasirvatham (850 MHz) [21] | Urban | 2.75

| Seidel (900 MHZ)[18] | Urban | 30

| Paez (1800 MHz) [24] | Suburban | 2.45

| Patwari (1800 MHz) [20] | Suburban | 2.8

| Hendrickson (1814 MHz) [25] | Urban | 30

| Devasirvatham (1900 MHz) [19] | Urban NLOS | 5.0

| VA Tech UWB | Suburban LOS | 191

| VA Tech UWB | SuburbanNLOS | 3.02

Table 6.2 Comparison of outdoor path loss exponents obtained by variousresear cherswith our UWB

path loss exponentsin the 2.0 — 4.0 GHz band.

| Reference | Type | Pathloss Exponent
| Devasirvatham (2.11 GHz) [19] | Urban NLOS | 4.8

| Healey (2.4 GHz) [26] | Suburban | 2532

| VA Tech UWB | Suburban LOS | 1.81

| VA Tech UWB | Suburban NLOS | 4.18

Table 6.3 Comparison of outdoor path loss exponents obtained by various resear cherswith our UWB
path loss exponentsin the 6.0 — 7.0 GHz band.

| Reference | Type | Pathloss Exponent ‘
| Kim (5 GHz) [27] | Urban LOS | 1.98 \
| Zhao (5.3 GHz) [28] | Suburban LOS | 25 |
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| Zhao (5.3GHz)[28] | SuburbanNLOS | 3.4 |
VA Tech UWB [ SuburbanLOS | 1.82 |
VA Tech UWB | Suburban NLOS | 2.82 |

From the tabulated results, it appears that the pathloss exponent follows the trend as the
narrowband results, especially in the NLOS cases. In the 6.0 — 7.0 GHz band, the pathloss
seems lower than that obtained in the lower frequency bands. This is along the lines of the

classical decrease in pathloss with increase in frequency.

6.1.2 Small Scale Time Parameters

The large bandwidth offered by UWB permits the resolution of individual multipath
components. The sensitivity of the measurement system limits detection of multipath
components greater than 20dB below the strongest arriving signal. The limited sensitivity
and the use of directional broadband antennas tend to reduce the delay spread to the order
of nanoseconds. This reduced sensitivity is a limitation of the measurement system and it
is suspected to be one of the main challenges in UWB receiver design. The delay spreads
are also tabulated depending upon the respective bands of consideration. This is tabulated
in Table 6.4, Table 6.5 and Table 6.6.

Table 6.4 Comparison of outdoor delay spread reported by variousresear cherswith our UWB path
loss exponentsin the 1.0 — 2.0 GHz band.

| Reference | Type | RMS Delay Spread
| Seidel (900 MHZ)[18] | Urban | 196 s

| Hendrickson (1814 MHz) [25] | Urban | 75ns

| Paez (1800 MHz) [24] | Suburban | 22ns

| Patwari (1800 MHz) [20] | Suburban | 200ns

| Devasirvatham (850 MHz) [21] | Urban | 110ns

| Win (1.3 GH2) [8] | Rural | 14.49ns

| Durgin (1920 MHz) [29] | Suburban (Short range) | 33.25ns

| Devasirvatham (1900 MHZ) [23] | Urban NLOS | 475ns

| VA Tech UWB | Suburban | 28.48ns

Table 6.5 Comparison of outdoor delay spread reported by variousresear cherswith our UWB path
loss exponentsin the 2.0 — 4.0 GHz band.

| Reference | Type | RMSDelay Spread |
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| Paez (245GHz) [24] | Suburban | 25ns |
VA Tech UWB [ Suburban LOS | 5.15ns |

Table 6.6 Comparison of outdoor delay spread reported by variousresearcherswith our UWB path
loss exponentsin the 6.0 — 7.0 GHz band.

| Reference | Type | RMS Delay Spread |
| Zhao (5.3GHz) [35] | SuburbanNLOS | 25ns |
| Kim (5 GHz) [27] | Urban LOS | 6.25ns |
| VA Tech UWB | Suburban | 4.25ns |

The UWB rms delay spreads are much lower than a number of other measured results.

However, afew narrowband researchers [28][29] do obtain similar results.

Figure 6.1 Variation in RM S Delay spread obtained for UWB versus other campaigns

The multipath distribution in narrowband systems tends to be more continuous than
discrete. This is due to the limited time resolution on most narrowband measurement
systems. A maximum of 5 — 6 resolvable multipath components are observed compared to
the 20 or more, which have been reported by some narrowband measurements [22]. Most
of the narrowband measurements that reported larger number of multipath components
operated with a highly sensitive recelver with a lower noise floor. Ultrawideband signals
with a bandwidth in the gigahertz band resulted in a receiver with lower sensitivity that

limited the number of multipath obtained over the noise.
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6.2 Outdoor-to-Indoor Penetration L oss
Penetration loss has been studied in the PCS and cellular bands in the USA [31], [32]

along with measurements carried out in the 5GHz Unlicensed National Information
Infrastructure band (UNII)[33][34]. Most of the measurements are classical narrowband
CW measurements. An extensive literature survey found no work reported in outdoor-to-
indoor UWB propagation. Most of the narrowband studies [34], [35] suggest that the
propagation mechanisms including penetration loss through the walls are dependent upon
several factors—

Electrical parameters of the materials( r, )

Composition — either single or multilayered that may result in multiple reflections

Presence of windows and other artifacts

Frequency of operation

Angle of incidence

Polarization of the antenna

Table 6.7 tabulates the penetration loss reported by various researchers. The outdoor to
indoor results from our UWB measurements are included for comparison. The results
obtained in our campaign are in the range reported by [33], [34], [35], [36], [37] and [38].
For concrete walls, the trend is increasing loss with increasing frequency. A similar trend
is reported in [35] where CW narrowband measurements were conducted from 900 MHz to
18 GHz.

We measure lower loss for UWB than that reported for narrowband systems. This is
the result of alarger bandwidth and the possibility of multiple paths. In addition, the walls
appear to act like a filter selectively attenuating a few frequencies while allowing other
frequencies to pass through. In the case of narrowband systems al the frequencies that
comprise the signal could face attenuation — while UWB offsets this by its bandwidth. This
is shown in Figure 6.2. It can be seen that in the modular building certain frequencies
around 300MHz are attenuated. However the same measurement in Durham Hall shows a

greater loss, which is the result of the higher penetration loss and pathl oss.

Table 6.7 Comparison of Measured Penetration L oss

Material Penetration L oss (dB)
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| Karlsson (5.8GHz) [34]

| 155

| | Plasterboar d/ wood | Concrete
| Hoppe (230 MHz) [32] | - | 10
| Silva (840 MHz) [37] | 35 | -
| Tanis (880 MHz) [38] | - | 19.2
| Toledo (900 MHz) [31] | - | 14.2
| Zhang (900 MHzZ) [35] | 25 | 10
| Aguirre (912 MHz) (Floor 1) [36] | 5.833 | 14
| VA Tech (200-400MHz) | 2.1 (Modular Building) | 10.9 (Durham Hall)
|
|
|
|

| Schwengler (5.85 GHz) [40] s | 13.2
| Mugaibel (5.0 GHZ) [41] 2.11 | 13.62
| Durgin (5.85 GHz) [33] s | 16.3
| Aguirre (5.99 GHz) [36] | 12.0833 | 16

| Zhang (6 GHz) [35] 7 | 12

| VA Tech (6 -7 GHz)

| 9.7 (Modular Building)

| 11.9 (Durham Hall)

Another important aspect reviewed in the literature [34], [33] is the effect of windows
and other similar structures on the total received signa strength. Depending on the type of
opening, the difference in penetration loss could be anything from 1.2dB for a simple
window to more than 20dB for glass coated with metal oxide film. Given the structure of
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Durham Hall where the transmitter was placed outside the glass doors and there was
presence of a large number of floor-to-ceiling metal oxide coated glass panels a higher
penetration loss can be also partly ascribed to this factor.

It is suggested [36] that if there is significant correlation between the penetration losses
at different frequencies, then the penetration loss at other frequencies can be determined by

extrapolation vialinear regression as determined by Eqgn. 6.1.

y(f,) =x(f;)+a+N(0,s) Eqn. 6.1
where f, isthe frequency at which penetration lossis to be determined
f1 isthe frequency at which penetration loss has been estimated

isalinear regression fit factor
N(O, ) isazero mean Guassian random variable with standard deviation of dB

where the correlation coefficient is given by Eqgn. 6.2.

,.(fl, fz): E[(fl' ':11( fz - mz)] Egn. 6.2

where m; and m, are the mean

1and , arethe standard deviation of the penetration loss.

However in the case of UWB, this may not be valid. Considering the bandwidths in
guestion, either the total bandwidth or the fractional bandwidth may have to be
incorporated in order to reasonably extrapolate the penetration loss. The correlation
coefficient (f.f,) would have to be relatively constant over the entire bandwidth (f;-f2) in
guestion for the formulato be valid.

Evaluating results from [35], it can be seen that in the case of a concrete wall with glass
windows, the penetration loss seems to follow alinearly increasing trend. However given
that only two frequency bands were measured it would be difficult to estimate the trend
followed in the case of the Modular Building to verify the results obtained in [35]. A plot
of the change in penetration loss with frequency for different materials is given in Figure
6.3. It indicates that the rate of penetration loss with frequency depends upon the nature of
the material.
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Figure 6.3 Variation of penetration loss with frequency in propagation through different materials

Table 6.8 tabulates reported pathloss exponents for narrowband measurements. The UWB
pathloss exponents fall in asimilar range.

Table 6.8 Comparison of Pathloss Exponents

| Reference | Pathloss
| Karlsson (5.85 GHz) (Concrete Wall) [34] | 35

| Durgin (5.85 GHz) (Brick Wall) [33] | 34

| VA Tech (6.0-7.0 GHz) (Concrete& Glass) | 4.26

| Toledo (900 MHz) (Concrete) [31] | 5.3

| Parson (900 MHz) (Concrete) [17] | 4.0

| VA Tech (200 — 400 MHZ) (Concrete & Glass) | 3.92

Studying the general trends in the absence of other UWB measurements, we note that
the results obtained fall in the same range as the results obtained by comparative
narrowband measurements. We also note that the UWB pathloss increases with frequency.
A plot of the change in pathloss exponent with frequency is given in Figure 6.4 for the two
frequency bands of 200-400 MHz and 6.0-7.0 GHz. From the two figures it seems that the
rate of change in penetration loss with frequency has a bearing on the rate of change of
pathloss with frequency for a particular material.
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Figure 6.4 Trend indicating variation of pathlossvs. frequency in different materials

7 Conclusion
The research that was undertaken as part of the DARPA NETEX initiative served as a

means to understand the propagation mechanism of Ultrawideband in outdoor regimes.
Given the need of a greater range and also a more sensitive receiver operating under FCC
emission guidelines, the task of designing the system to satisfy two complementary goals
was by no means atrivial issue.

The results obtained however serve as good starting points for any further measurement
campaigns in this realm. The work has provided the parameters required for the
development of a comprehensive outdoor and outdoor-to-indoor UWB propagation model,
which could be useful in the development of any standard. The results provide estimates of
the pathloss and small-scale parameters derived from the power delay profile across
different frequency bands that are included in the FCC specification. Penetration loss
across two different bands over different materials is also discussed. It was noticed that
UWB suffers a pathloss and penetration loss along the same lines of similar narrowband
measurements. However in terms of the delay statistics it is seen that the delays obtained
are lower than that of narrowband signals. Most of the multipath components are discrete

and resolvable in nature.
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However given the present limitations and the results obtained it would seem that
outdoor UWB could best be deployed in the form of an ad-hoc mesh topology. In this
scenario each node would be near to at least one other node, which would be in line-of-
sight. In this fashion UWB could overcome the distance limitations where each node would
act like a router to transmit/receive information from other nodes. Such a setup would
inherently be LPI/LPD and would operate efficiently at low data rates. It has been seen
that even if the peak power is high, depending upon the pulse repetition frequency the
average power could be well below the noise floor.

Further research would be along the lines of developing higher layer protocols that use
Ultrawideband as an overlaying technology over existing users. Studies need to be carried
out with regards to analyzing the tradeoff of data-rate with distance and power. This would
be required for al power budget analysis. Finadly the development of highly sensitive
impulse based recelvers would have a far-reaching impact for both imaging and
communications based applications.
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8 Appendix
8.1 Appendix | - Sample Outdoor Setup with sets of received data

Figure 8.1 Burchard Hall M easurement L ocations

Figure 8.2 Burchard Hall measurement location. Thispictureisthetransmitter location in the lower
right of Figure 8.1
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Figure 8.3 Location next to Cowgill Hall with a bounce path off Hancock. The M odular Building isto
theleft

Figure 8.4 Burchard Hall NLOS path
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Figure 8.5 Cowgill Hall NLOS path. Multiple Multipath off Adjacent Walls- Canyon Environment

Figure 8.6 Burchard Hall NLOS, note the resolvable multipath components
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8.2 Appendix Il —Outdoor-to-Indoor Measurement L ocations

Figure 8.7 Modular Building Transmitter and Receiver Locations. Thetransmitter location isthe X to
theright of the building and thereceiver isplaced a various locations down the center hall. The
receiver locations are approximately 0.3 meter s apart

75



Figure 8.8 Randolph Hall Transmitter and Receiver Locations. Thetransmitter location isthe X in the

right center and thereceiver isplaced a variouslocations down the center hall on the samelevel asthe

transmitter. Thereference measurement wastaken at the“REF” X at the center right. Thereceiver
locations are approximately 0.3 metersapart

Figure 8.9 Durham Hall Transmitter and Receiver Locations. Thetransmitter location isthe X in the

lower right and thereceiver isplaced a various locations down the center hall on the same level asthe

transmitter. Two reference measurementsweretaken. Thesearelocated at REF 1 and REF 2in the
vestibule. Thereceiver locations are approximately 0.3 meters apart
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8.3 Appendix Il - Outdoor Measurement L ocations

Figure 8.10. Burchard hall Location 1 Thereceiver is placed next to the two air handlerson top of
Burchard (green crosses), and it faces parallel to the path. Thetransmitter isplaced on top of the
unfinished stairwell (red cross, lower left) so that the path from the transmitter to receiver isblocked
by theair handlers

Figure 8.11 Burchard 2 location. Transmitter isplaced next to the skylight, facing the stairwell (red
cross, center left). Thereceiver (green crosses) starts 1.5 metersback from the stairwell and movesin
1.5 meter increments. Thereceiver antennaisfacing the stairwell. Thisgivesa line of sight signal that

ismuch weaker than the first multi-path. Most of the received signal comes from the bounce off the

stairwell

77



Figure 8.12 Burchard Hall Location 3. The transmitter (red cross, center) is placed between Burruss
Hall and Burchard Hall, facing Burchard. Thereceiver (green crosses, lower center) movesalong the
sametrack asin Burchard 2, except that the antenna is now facing Burruss

Figure 8.13 Hancock Hall Thetransmitter (red cross, center) and receiver (green crosses, front center)
are placed perpendicular to each other 7.2 metersapart. Thereceiver movesback 1.5 metersat atime
eventually being blocked from the transmitter by Hancock Hall
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Figure 8.14 Cowgill location. Thetransmitter (red cross, upper right) and thereceiver (green crosses,
center) are placed beside each other facing the wall of Hancock. Thereceiver ismoved closer to
Hancock 1.5 metersfeet at atime. Thefirst multi-path isthe strongest astheline of sight signal is
received in the side and back lobes of the receiver antenna
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