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CHAPTER 1

INTRODUCTION

An ultra-wideband (UWB) device defined by the Federal Communications Commission
(FCC) must have a -10 dB fractional bandwidth greater than or equal to 20% of the center
frequency or have a minimum bandwidth of 500 MHz [1]. UWB technology is being
considered as a short-range (up to 10 m) wireless air interface for high speed data
transmission (e.g. Wireless Personal Area Network (WPAN) IEEE standard 802.15.3a).
This standard is proposed to support data rates in excess of 110 Mbps, lending itself
applicable to wireless in-home networking. These data rates are unachievable in
conventional wireless systems due to data rate limitations of the channel.

The wireless channel is a limiting factor in the performance of wireless systems.
" By knowing the characteristics of the channel, optimum methods can be developed to
mitigate the effects that hinder the performance of the system. For frequency selective
channels the signal bandwidth is greater then the channel coherence bandwidth, which
results in multiple replicas of the transmitted signal, which are attenuated, phase shifted,
and delayed in time. Furthermore, the delay spread of the channel is larger than the
reciprocal bandwidth of the signal, which can greatly impede the performance of the
system (i.e., data rates).

For wideband systems, it is well known that multipath delay spread in the wireless
channel limits data rates due to transmission errors caused by intersymbol interference
(ISI). One method to mitigate the effects of multipath propagation is to use directional

antennas. The radiation or beam pattern of a directional antenna can be thought of as a



sector of an omni-directional antenna pattern. Therefore, it is less susceptible to multipath
in the channel since it accepts only multipath signals that arrive within the beam pattern
of the antenna. Moreover, the directional antenna limits the amount of multipath
received in the channel resulting in less delay spread and the ability to achieve higher
data rates. Other techniques can be developed to mitigate the impairments of frequency
selective channels, but a detailed characterization of the channel is needed to guarantee
optimum performance.

Wideband measurements of the indoor radio propagation channel have been
studied thoroughly in [2]-[11], but are only valid for wideband channels and do not
consider UWB indoor signal propagation. To understand the UWB propagation channel
(i.e., path loss and multipath characteristics), field measurements must be performed and
analyzed thoroughly. UWB channels have been studied using time domain and
frequency domain channel sounding techniques in office and residential environments
[12]-[28].

In Ghassemzadeh et al. [12][13], a characterization of the indoor UWB channel is
thoroughly described for line of sight (LOS) and non-line of sight (NLOS) scenarios in
residential environments. Frequency domain channel measurements were performed
over the 4.375 GHz to 5.625 GHz frequency band using a Vector Network Analyzer
(VNA). Measurements were performed in a total of 23 homes, resulting in over 300,000
measurements of the channel. In general, the power delay profile of the channel was
shown to exhibit a single cluster arrival taking on the form of a decaying exponential,
times a noise-like process with lognormal statistics. The path loss exponents and RMS

delay spread values were Guassian distributed over all homes. The mean path loss values



obtained for LOS and NLOS channels were 1.7 and 3.5, respectively. The mean RMS
delay spread values were 4.7 ns and 8.2 ns for LOS and NLOS, respectively.

In [14]-[17], time domain measurements of the indoor UWB channel were
performed in an office environment using baseband pulses with a corresponding 2 ns
delay resolution. Measurements were taken in 14 different rooms and hallways resulting
in a total of 741 measurements. A statistical characterization of the channel is thoroughly
described in Cassioli et al. [17]. The PDP was shown to take on the form of a decaying
exponential, similar to what was observed in Ghassemzadeh [13], but without the
multiplicative lognormal process.

In Kunisch [21], indoor UWB frequency domain measurements were performed
in an office environment for a 1 GHz to 11 GHz frequency range. Measurements
consisted of LOS, NLOS, intra-office, and inter-office scenarios. The PDP resulted in
multiple decaying exponential clusters as opposed to a single cluster arrival as described
in the measurements above.

The IEEE 802.15.3a task group has proposed a UWB channel model as a result of
numerous channel modeling campaigns [18]. Overall, several channel modeling
proposals observed a multipath clustering phenomenom, which led to a channel model
based on the Saleh-Valenzuela model [11] with slight modifications.

However, these measurements do not include the effects of antenna directivity on
the channel. Moreover, LOS measurements in classrooms and laboratories were not
carried out extensively. This thesis examines the effects of antenna directivity on path

loss and multipath propagation in a college campus building at the New Jersey Institute



of Technology (NJIT), resulting in a thorough characterization of the UWB indoor
wireless channel.

In this thesis, Chapter 2 describes the measurement system, environment, and
procedure. Chapter 3 describes the data reduction of the measured data for suitable
representation and analysis of the path loss in the channel. From this a statistical model
of the path loss is presented for different omni-directional and directional antenna
combinations. Chapter 4 thoroughly analyzes the multipath characteristics of the channel
through extensive analysis of the RMS delay spread of the measured impulse responses.
Chapter 5 analyzes the impulse response measurements of the channel in depth and
describes a statistical channel impulse response model representative of the measured

data. Lastly, Chapter 6 concludes the work of this thesis.



CHAPTER 2

MEASUREMENT SYSTEM AND PROCEDURE

In this chapter, the channel sounding technique, measurement system, environment, and

measurement procedure are described.

2.1 Measurement System
Frequency response measurements of the indoor UWB channel were performed using a
frequency domain channel sounder shown in Figure 2.1. The channel was swept from
2 GHz to 6 GHz in intervals of 5 MHz, at a rate of 2.5 Hz. The frequency response of the
channel was measured using a Hewlett Packard 8510C Vector Network Analyzer (VNA),
shown in Figure 2.2. The VNA measures the magnitude and phase of each frequency
component and; therefore, the inverse discrete Fourier transform (IDFT) can be used to
convert the frequency domain channel response into the time domain channel response
for analysis in the temporal domain. Given a frequency spacing equal to
5 MHz, the time domain window can detect a multipath component arrival up to 200 ns.
This is a reasonable window length given that multipath arrivals have not been detected
beyond 160 ns for a transmitter/receiver (Tx/Rx) separation distance up to 10 m [22]. A
power amplifier (PA) with a maximum output of 30 dBm was used to amplify each
frequency component generated by the VNA prior to propagation via the transmitting
antenna. The signal from the receiving antenna was propagated through a 20 m double
shielded coaxial cable with an average 17 dB loss over the corresponding measured
frequency band before being returned to the VNA. Double shielded cable was used for

all front end and back end connections throughout the system.
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Figure 2.1. Frequency Domain Channel Sounder Measurement System.






2.2 Procedure and Environment

Measurements were performed in a classroom, an electrical engineering (EE) laboratory,
and an optical science laboratory, which are all located on the fourth floor of the Faculty
Hall building at NJIT. Faculty Hall is a four-story building, which mostly consists of
classrooms and engineering laboratories. The floors of each measured room are made up
of ceramic tiles. The classroom contains approximately forty desks surrounded by three
cinder block walls and one sidewall with cinder blocks and windows with metal framing.
The electrical engineering lab contains wooden lab workstations with computer terminals
and various test and measurement equipment surrounded by four cinder block walls. The
two sidewalls are aligned with wooden cabinets with glass windows. The optical science
lab contains optical lab worktables, computer terminals on carts, metal air ducts that hang
from the ceiling which are part of the air conditioning system, student desks, metal
cabinets, and various other clutter surrounded by four cinder block walls.

All measurements were made while the transmitter and receiver antennas
remained stationary and within line-of-sight of each other. Also, the channel was kept
stationary during measurements by ensuring there was no movement in the surrounding
environment. Three different Tx/Rx antenna combinations were set up to explore the
effects of antenna directivity on the channel. The three Tx/Rx antenna combinations
tested were omni-directional/omni-directional, directional/directional, and omni-
directional/directional. Measurements were made between 1 m and 10 m in intervals of
1 m, with the exception of the classroom where measurements extended up to a
maximum of 9 m. Thirty locations were measured in the EE lab, twenty in the

classroom, and thirty in the optics lab for all three antenna combinations, with the



exception of the omni-directional/directional case in the optics lab in which twenty
locations were measured. Therefore, a total of seventy-eight locations were measured for
each antenna combination with the exception of the omni-directional/directional case in
which sixty-eight locations were measured. Ten snapshots of the channel frequency
response were recorded per receiver location for post-processing averaging to obtain a
more stable response of the channel. The VNA was calibrated with respect to a 1 m
reference distance inside an anechoic chamber for each antenna combination so that all
measurements depend solely on the response of the channel. A back-to-back calibration
(i.e., system calibration excluding the Tx/Rx antennas) was also carried out to assess the
path loss in the channel at 1 m including the antennas as well. The measured path loss at
1 m in the anechoic chamber and the pathloss computed by averaging over the same
number of frequencies using the Friis free space Equation in (2.1) resulted in a difference
of at most 0.13 dB for all three antenna combinations.  Therefore, a Tx/Rx separation
distance of 1 m in the anechoic chamber was considered an adequate free space reference

distance. The free space path loss is given by,

GG\

PLFS(d) =Wa

2.1)

where PLrs(d) denotes the free space path loss, A is the wavelength in meters, d is the
distance in meters, and G, and G, denote the transmitter and receiver antenna gains,
respectively. The Tx/Rx antennas were each set to a height of 1.4 m for all

measurements.
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2.3 Summary
This chapter described a measurement campaign for the UWB indoor channel. A
description of the measurement system, procedure, and environment in which

measurements were performed were thoroughly explained.



CHAPTER 3

LARGE SCALE FADING

The measured data must be processed and represented in proper form for analysis
purposes. In this chapter, the data processing and representation of path loss are
described. A path loss model is proposed for each antenna combination and the shadow

fading in the channel is analyzed.

3.1 Data Reduction
The path loss of the channel represents the attenuation a signal undergoes when
transmitted through the medium, which is represented as a positive quantity in dB. As
mentioned in Chapter 2, the VNA was used to measure the frequency response of the
channel, and is known to be a tractable measurement apparatus for calibrating out the
effects of unwanted components for any particular system setup. This lends itself
particularly useful for characterizing the path loss and multipath characteristics of the
channel, where the effects of the system components must be factored out to assess the
propagation channel characteristics. The path loss is given by the difference between the
transmitted and received power in dB including antenna gains as well for analysis and
modeling purposes. The measured frequency response was referenced to a system
calibration at a distance of 1 m in an anechoic chamber as described in the measurement
procedure. The squared magnitude response is given by the received power at a distance

d relative to the received power at 1 m in the anechoic chamber (i.e., negative path loss in
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dB). Therefore, additional processing of the data is needed for proper representation of
the path loss as defined above (i.e., path loss including antenna gains and the loss at 1 m).

The average path loss of the channel at a distance d denoted by PL(d) is given by
the inverse of PL(d) (where PL(d) is negative in dB, which results in a positive value
for PL(d) in dB). The measured frequency response referenced to a distance of 1 m has

a corresponding inverse path loss PL(d;d,) given by,
. 1 L& 2
PL(d;d))=—=>" Y |H,(f:d)] , (3.1)
|/ Qg

where H,(f;d) is the frequency response of the channel for a given snapshot j, which

represents the received power relative to the transmitted power per frequency component
or, rather, the attenuation in the channel over the 2 GHz to 6 GHz frequency range. N
represents the number of frequency components f measured in the channel, K represents
the number of snapshots, and d is the separation distance between the Tx/Rx antennas in
meters.

The frequency response obtained from the VNA can be written as a ratio of the
received power per frequency component at a distance d relative to the corresponding

powers at a distance d, =1 m. Therefore, the path loss obtained from the VNA averaged

over the bandwidth is represented by,

o | BUGA/E || B(f;d)
PL(d’d‘))‘[Re,(f;do)/B]‘(Ref(f;do)} G2

where P is the transmitted power from the VNA, P (f;d) is the power received by the

t

VNA for a distance d per frequency component fand P, (f;d,) is the power received by
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the VNA at a distance of 1 m in the anechoic chamber per frequency component f. The

received power P.(f;d) is given by,

BG G GPA

x rx

L (NL,(f3d)

F(f;d)= (3.3)

where G,, is the gain of the power amplifier, L_,(f) is the cable loss per frequency f,
L,(f;d) is the loss due to the channel corresponding to the aforementioned parameters f
and d, and G, and G, are the transmitter and receiver antenna gains, respectively. Now

inserting equation (3.3) into (3.2) for P.(f;d) and P, (f;d,)=F.(f;d,) results in,
PL'(d;dO)=(Mj. 34
L,(f3d)
Therefore, the inverse path loss computed from the measured data is referenced to the
inverse path loss at 1 m.

To assess the path loss in the channel at the close in reference distance (dy=1 m),
the path loss in the channel must be referenced to a back to back calibration. As
mentioned previously, a back to back calibration refers to a system calibration excluding
the antennas and thus can be thought of as a closed loop calibration of the entire system
up to the back ends of the antennas. Therefore, all calibration data must be removed from

the measured frequency response obtained from the VNA except for the back to back

calibration data. Let PL',ef (f;BB) in Equation (3.5) denote the inverse path loss at dj

referenced to a back to back calibration in the anechoic chamber per frequency f which is

given by,

Eef‘(f;dO)

PL,,(f;BB)=— 7-58)’

(3.5)



