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EVALUATION OF UWB TECHNIQUES FOR INDOOR
POSITION LOCATIONING

CHAPTER 1. INTRODUCTION

Increasing demand for position aware services has fueled research in the area
of indoor location. Outdoor location systems already exist in the form of the Global

Positioning System (GPS) and wireless enhanced 911 (E-911) [2]. While highly
accurate outdoors, these technologies cannot provide the same accuracy when de-

ployed for use indoors. The indoor environment is inherently different, therefore
preexisting outdoor location techniques have to be modified and remodeled for use
indoors.

This chapter is mainly a taxonomy of the different ways to perform indoor
geolocationing. A discussion of the techniques used to accomplish indoor position

location are presented, and a basis is provided as to why TOA was chosen for this

thesis. Outlines of the research conclude this chapter.

1.1.

Motivations for Researching Indoor Position Location
Solutions
Commercially, accurate indoor location is a boon to the health care industry,

where tracking the elderly or young children with special needs is a necessity.
Warehouse processes require a system that not only tracks where their inventory is
from process to process, but also in between processes, where inventory inevitably

tends to get lost.

In public safety, the Enhanced 911 (E911) system, proposed in 1996, seeks
to improve the effectiveness and reliability of wireless 911 service by providing 911

dispatchers with additional information on wireless 911 calls.

The wireless E911 program is divided into two parts - Phase I and Phase

II. Phase I requires carriers, upon appropriate request by a local Public Safety
Answering Point (PSAP), to report the telephone number of a wireless 911 caller

and the location of the antenna that received the call. Phase II requires wireless
carriers to provide far more precise location information, within 50 to 300 meters

in most cases. Within five years after the effective date of the rules, the location

of the mobile station must be provided to the PSAP in two dimensions, with an
accuracy within a radius of 125 meters in 67 percent of all cases [3].

Different Ways of Incorporating Indoor Position Location

1.2.

Among the challenges of implementing an indoor location system, the indoor

environment itself, which is rife with multipath interference, poses the greatest
hurdle. Being substantially different from the outdoor environment, some consideration of the multipath-heavy indoor channel is necessary to improve accuracy.

Numerous techniques have been proposed for use in wireless indoor position location systems. A quick summary of the most widely used techniques are
presented in this section.

1.2.1.

GPS Based Position Location

Today's consumer GPS units generally do not function indoors and will have
difficulty dealing with multipath corruption and signal attenuation found in indoor
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environments. Indoor GPS signal levels are about 20-30 dB down from signal levels

outdoors, thus requiring high sensitivity receivers to work as well [2]. Acquisition

time is also relatively long (up to several minutes), and power drain is significant.

GPS receivers also need to have at least four satellites visible at all times
to make a successful position estimation, and this is also not always possible in
covered urban environments.
In upcoming years, GPS receivers should overcome these hurdles and be able

to perform satisfactorily in the hostile indoor environment due to improvements
in receiver technology.

1.2.2.

Received Signal Strength (RSS) Technique

In RSS-based indoor location, the path loss models play a huge role. The
path loss model is a measure of signal power attenuation relative to distance. For

this system to work, a path loss model has to be constructed for every receiver
and every environment it is deployed in, i.e. a sample of RSS points have to be
stored for every site. Thus, outdoor empirical models like the Okumura model, or
analytical models like the Hata model, cannot be generalized for use indoors.
The only way to gain detailed site information is to use ray tracing algorithms

that take all signal components into account (reflection, scattering and diffraction).

In this case, all wavefronts are approximated as particles. Reflections are modeled
to have a power falloff proportional to

d2

by the free space path model. Scattered

and refracted rays have power falloffs that depend on the exact distance of the
scattering or refractive object from the source and receiver. The distance from
the source and receiver can then be calculated by measuring the received signal
strength and comparing to the known path loss model.
This modeling process can be very difficult and computation intensive since
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RSS measurements are not very accurate, and a snapshot of the path loss model
for the site from each receiver must be calibrated relatively often to account for
any difference in the path from source to receiver.

The major advantage is that the infrastructure already exists in the form of
WLANS [4], thus avoiding expensive and time-consuming deployment.

Ekahau Software [5] employs 802.11b networks to achieve up to 1 meter
accuracy using this technique. Since no modifications are made to the hardware
itself, the software depends on the complex positioning algorithms to work.

1.2.3.

Angle of Arrival (AOA) Technique

This technique utilizes multi-array antennas to try to estimate the Direction
Of Arrival (DOA) of the signal of interest [6] [7]. Usually, the angle measurement

is accomplished by measuring differences in the phase of the signal received by the
elements. The array beam may be steered either by mechanically moving the array,

or by electronically delaying (i.e. adjusting the phase) the signals from different

elements to point a beam in a certain direction. A single DOA measurement is
made when the beam has been correctly steered, with reasonable accuracy, in the
direction of the signal of interest.
A single DOA measurement restricts the source location along a single line.

When two such DOA estimates are available from different locations, then the

position of the signal source can be located at the intersection of the lines of
bearings from the two antennas [6].
The major drawback to this system is that signals coming from the source to
the antenna arrays must be in the Line of Sight (LOS). The spacing of the antenna

elements within the array is typically less than 1/2 wavelength of the received
signal. This helps to remove phase ambiguities by producing phase differences on
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the order of ir radians or less. For a 2.4GHz AOA system, that would mean the

antenna elements are spaced about 6.25 cm apart. By practical means, this is
cumbersome to implement on a small form-factor device, and possibly limits the
practical applications of such a system.

1.2.4.

Time of Arrival (TOA) Technique

By measuring the time which the receiver takes to respond to an inquiry
from the source, the round trip signal delay is known. There is a finite amount of
response and processing delay in any given hardware, and if this processing delay is

known with sufficient accuracy, the total round trip delay can be derived. Halving

that quantity would give us an estimate of the signal delay in one direction, and
since electromagnetic waves travel at approximately the speed of light in free space,

=

the approximate distance of the source to the receiver can be

estimated.

In practice, the response delay within the receiver can be difficult to determine. In Non Line-of-Sight (NLOS) conditions multipath corruption will prevent
any reasonable time estimate from being obtained [8].
A variation of the TOA technique can be used to alleviate the NLOS measure-

ments. Time Difference of Arrival (TDOA) is based on estimating the difference in

the arrival times of the signal from the source at least 3 receivers. This is usually
accomplished by taking a snapshot of the signal at a synchronized time period at

multiple receivers. The peak of the cross correlation output of a pair of received
signals gives the time difference of signal arrival at those receivers. Each time difference estimate defines a hyperbola between the two receivers on which the source

might be, and by redoing the procedure with a receiver in combination with a pre-

viously used receiver, another hyperbolic locus is defined and the intersection of

the two hyperbolic loci results in the position location estimate of the source. Two

hyperbolas may be sufficient if they do not cross in two places, but to eliminate

any ambiguities, three hyperbolas may need to be calculated. The distance is a
function of propagation time and speed, and can be expressed mathematically as

Rab = C*tab =

where

Xa,b

and

Ya,b

(Xax)2+ (Ya

y)2

(Xb x)2+ (Yby)2

are the coordinates of the ath and bth receivers,

the difference in arrival time, c is the propagation speed, and

Rab

tab is

is the difference

in propagation distance from the source to each of the receivers [9]. x and y are
the desired coordinates.
TDOA also has a small immunity to NLOS conditions; when a major reflector

is in the path of all receivers, the timing error may be reduced or canceled out in
the time difference operation [6].

1.2.5.

Hybrid Techniques

By combining two or more of the above techniques, it is sometimes possible

to gain a more accurate position location. The techniques can be combined in
ways to make up for individual weaknesses, and can lead to more robust solutions.

Assisted-GPS (A-GPS)
In order to operate properly, GPS systems need to have access to 4 satellites,

a requirement that excludes operation in the indoor environment. A-GPS works

by having a third party service provider assist the mobile by searching for the
satellites and by collecting data to perform the location position calculations that
the mobile itself may be unable to perform due to limited processing power. This
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system can be fairly accurate, ranging from 1 to 10 meters [2]. The startup and
search time is also greatly reduced [10].

AOA/TOA Hybrid Technique
The clear advantage of this hybrid is that this is the only system that requires

only one receiver to pick up the signal from a source.

The TOA mechanism works to create a hyperbolic closed locus around the
receiver where the source is possibly located, and the angular direction of the source

is pinpointed by the AOA mechanism. Separately, the AOA and TOA techniques

would have required two or more receivers to work. The accuracy may not be as
good as the separate systems however.

AOA/TDOA Hybrid Technique
The primary goal of this type of system is to improve positioning performance

over pure AOA when oniy two base stations are available.

The system works by using the time difference between the two receivers

to create a hyperbola. AOA is used to determine the angle of the source to the
receiver. These measurements, under ideal conditions, would result in the following
solvable expressions:

t=

1

c

y)2 + (x1

y)2 + (x2

x)2

=tan1 fy

where (x1,y1) and (x2,y2) are the coordinates of the receivers, (x,y) is the
coordinate of the source, and the first receiver contains the AOA measurement.

Research Outline

1.3.

1.3.1.

Thesis Contribution

A procedure was established in the labs using a network analyzer to test
the effects of bandwidth and multipath conditions to the performance of a TOA
system. A set of reliable measurement results were obtained at 5GHz in an indoor

environment for post processing. Several traditional TOA estimation algorithms
are applied to the measurements, and the improvements seen are documented and
discussed.

1.3.2.

Thesis Outline

The first chapter gives a general background and introduction to the problem

of position location and different techniques for solving it. Chapter 2 goes into an
overview of the indoor position location system used. A classification methodology

is established. This chapter also outlines the procedure for the measurement cam-

paign that was conducted along with a procedure for collecting the measurement

samples. Chapter 3 introduces the different TOA estimation algorithms used in
the thesis. The performance comparison are presented in different indoor multipath environments (NLOS and LOS). The impact of system bandwidth is also
described. This chapter also concludes the research results and discusses future
work possibilities.

CHAPTER 2. BACKGROUND IN TOA FOR INDOOR
POSITION LOCATION

This chapter lays the groundwork for the thesis. TOA as a location metric
is widely used in geolocation systems. Fundamentally, the problem in TOA based
techniques is to accurately estimate the propagation delay of the radio signal com-

ing from the DLOS path.
In early literature, the signal parameters of TOA was estimated in an additive

white Gaussian noise (AWGN) channel {11]. However the indoor channel is rife

with multipath, so an actual measurement of the channel has to be performed to
get a better assessment of TOA in indoor environments.

An overview of the TOA system will be introduced. The effects of system
bandwidth and multipath are theoretically discussed, and the collection procedure

and equipment are introduced. The chapter concludes with a short discussion on
practical implementation issues.

2.1.

Elements of the TOA System
A typical wireless position location system is comprised of 4 major blocks:

the location sensing module, time-estimate module, positioning algorithm module
and a display module as shown in Fig. 2.1.

The first block captures the RF signal to be processed. Depending on which
location positioning technique is used (TOA, AOA, RSS etc.), the relevant information is extracted from the measurement.

10
Received RF
Signal

Coordinates in (a, y, z)

Locaflon Sensor:

Est,a

Positiong

pay

FIGURE 2.1: Functional Block Diagram of a Wireless Location System

This information is fed to an estimator module, which will attempt to im-

prove the quality of the estimate by statistical techniques. When the measurement procedure lacks accuracy then the estimation algorithms have to be more
complex [8].

The positioning algorithm is usually a form of geometric triangulation when

dealing with TOA and AOA techniques. These algorithms are highly established
in seismology, cell-based communications and GPS.

Lastly, the information is fed to a display module which processes the data
into a comprehensible coordinate system.

2.2.

TOA estimation

The TOA estimation problem can be defined as follows. Assume a transmit-

ter and receiver radio pair are spatially separated. The transmitter sends a signal

s(t) and that signal is observed at the receiver. In a single path channel with
additive white Gaussian noise (AWGN), the received signal

x(t)

can be expressed

as
x(t) = c s(t

D) + n(t)

(2.1)

where D is the signal propagation delay, a is the complex signal strength attenuation parameter and

n(t) is

the AWGN noise. A maximum likelihood (ML)

estimate of the propagation delay can be obtained by finding the value of r that
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maximizes the correlation function of the received signal x(t) and transmitted sig-

nal s(t) [12, 1]. From Eq. 2.1,
r8(r) =

11
IT0

D) + v()

= a r88(r

(2.2)

where r8() is the autocorrelation function, also known as the delay profile, of

the transmitted signal and

v(r) is

the additive noise term, and the delay factor 'r

can be extracted using a sliding correlator or a matched filter.

However, in an actual environment, it is not possible to extract a perfectly
accurate TOA measurement due to multipath effects and finite bandwidths.

2.2.1.

Impact of System Bandwidth

In determining the estimation error that results in having finite system band-

width, a minimum variance estimator is chosen. A minimum variance estimator
is defined as en estimator which has a variance which is equal to or less than the
variance of any other estimator. While not always possible to find this estimator,
it is possible to establish lower bounds on the variance of any estimator using the
Cramer Rao (CR) inequality [11]. An efficient estimator is unbiased (j3 = 3) and
achieves the CR lower bound, shown in (2.3)

a
where

1

E{aLnPRB(FI)
32

(2.3)
}

= estimator of the parameter whose true value is

,

PRIB(r

likelihood function of the observation r, 3 = mean value of /, and

I

)=

= variance

of the estimator 3.
An estimate of the time delay accompanying a lowpass signal in white Gaus-
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sian noise, in the absence of multipath, is derived in [11] to be
1

U >
8ir2

(2.4)

SNR

where o is the variance of the TOA estimate, /3 is the bandwidth of the received

signal, and the SNR is in

Eb/No.

Fig. 2.2 shows CRLBs on the ranging error vs SNR for 4 different band-

widths, 0.5 GHz, 1 GHz, 3 GHz and 5 GHz. The figure points out that impact

of the bandwidth to the CRLB is quadratic, while improving SNR is a linear
relationship.

It is noted that this estimate is the best lower bound for performance in
the absence of multipath in an AWGN channel. and the CRLB is not

directly

applicable in multipath channels because dramatically large TOA estimation errors

may occur when the DLOS path is undetectable. An extension of the CRLB was
made in [13J to a multipath scenario.

2.2.2.

Impact of Multipath

As was mentioned earlier, the indoor channel is inherently multipath heavy.

The multipath channel can be modeled as
L-1
u8(t

h(t)

(2.5)

1k),

where L is the number of multipath components,

ak

and

Tk

are the complex

amplitude and propagation delay of the kth path, respectively. After going through

this channel, the signal becomes
x(t) = s(t) ® h(t) + n(t)

L-1

=

k8(t

) + n(t)

(2.6)
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Lower Bound of Ranging Errors Based on CRLB
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FIGURE 2,2: CRLB for Different Bandwidths
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FIGURE 2.3: Receiver Model to estimate r

Using the same correlation receiver derived in Eq. 2.2, the delay profile mea-

sured in multipath channels is given by
L -1

=

UT5(T

Yk)

+ v(r)

(2.7)

In multipath channels, the measured delay profile is a weighted sum of mul-

tiple shifted autocorrelation functions of the transmitted signal, contrasted to a
single autocorrelation function in the single path case [1]. In practice, the delay
profile can be measured by a matched filter or sliding correlator [1, 14], much like

in the single-path case, but with reduced performance (Fig. 2.3).
There are no suitable indoor radio propagation channel models for evaluating

the performance of TOA estimation techniques. The radio channel characteristics
are critical in evaluating the performance of TOA based ranging systems, and these

are extremely difficult to model accurately. Consequently, in designing TOA esti-

mation techniques for multipath channels, computer simulations based on actual
channel measurements are more informative than performing estimation techniques

with simple theoretical channels

2.3.

11].

This is the path taken in this thesis.

Sources of Error In TOA

With a given TOA measurement, different channel conditions and

plementation affect the quality of the estimate. Irregardless of setup however, the
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key to accurate TOA estimation is the availability of a DLOS path. Without at
least a sound estimate of where the DLOS path is, TOA estimation is impossible.

To give an example of how the classification system works in geolocation
literature by Pahlavan [1], Fig. 2.4 represents power delay profiles obtained using
direct-sequence spread-spectrum (DSSS) signals with three different channel pro-

The information signal is spread with a pseudo-noise (PN) code, and the

files.

delay profile of the sequence is a triangular function (Fig. 2.4a) with a chip period

T, and a spread of ±T around the correlation peak without pulse shaping. When
the channel is single-path, the propagation delay D can be determined by the ML

estimator by finding the delay value that corresponds to the peak of the power
delay profile and the variance is bounded by the CRLB.
When a radio signal passes through a multipath channel, multiple attenuated

copies of the same signal appear, leading to multiple peaks in the power delay

profile. When the separation between adjacent path delays is greater than 2T,
clearly separated correlation peaks appear in the power delay profile (Fig. 2.4b) and

the DLOS path can still be extracted by finding the delay value that corresponds

to the first peak.
When the difference between adjacent delays is smaller than 2T, the delayed

correlation functions overlap (Fig. 2.4c) and the TOA cannot simply be estimated
by detecting the first peak of the power delay profile.

2.3.1.

Effects of Radio Design

This leads to a few important radio design issues. Under ideal conditions
(single-path), the radio implementation can be relatively straight forward, with
variance of the estimate bound by the CRLB. Under multipath conditions where
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correlation peaks don't overlap (Fig. 24b), the factors that affect categorizing the
different profiles are receiver sensitivity and system dynamic range.The receiver
sensitivity is defined as the noise level of the system where the power level of any
path under that level cannot be detected. The dynamic range is defined as the ratio

of the strongest path to the power of the weakest detectable path in a measured
profile [8, 15].

Assume a RAKE-type receiver capable of resolving the entire multipath pro-

file of the channel. This receiver declares the TOA as the first detected path.

Should the receiver sensitivity be too low, the first path may not even be detectable, thus leading to very large estimation errors. Also, if the first peak is not

the strongest peak, and the receiver dynamic range is larger than this difference
in strength, the receiver will not see the DLOS path at all. This is considered an
error in detection.
When the delayed correlations overlap (Fig. 2.4c), increasing the signal band-

width to reduce the spread of the correlation peak and super resolution estimation
algorithms will also help to resolve the DLOS path.

2.3.2.

Path Loss Issues

To ensure that the receiver is designed properly to have a high enough sensi-

tivity, the power-distance relationship between receiver and transmitter has to be

known. A general path loss formula that incorporates reflection, diffraction and
scattering for both LOS and NLOS paths has the form
PL(d) = PL0 + 1O.'y.log1o(d/do) + S

where PL0 is the point at the reference distance

d0

(2.8)

and "' is the slope of the average

increase in path loss with dB-distanee (power gradient). The variation S denotes

a zero-mean Gaussian random variable with standard deviation a. It can thus be
written as
S = yo-

where y is a zero-mean, unit variance Gaussian random variable. The random van-

able S is usually referred to as shadowing, and it captures the path loss deviation
from its median value.

A temporal parameter of some importance as well is the second central moment of the channel impulse response, which gives the root mean squared (RMS)
delay spread. This is a measure of how much time dispersion one actually sees in
the channel impulse response, and is given by

Kk=O 2akYk
i

th

order moment:

Tm = T1,

Trms =

(1)2

where Tm is the mean excess delay (first central moment),

the

kt

tap and

cEk

is the

kt

(2.9)

rk

is the delay time of

magnitude of a tap. A tap is an individual path in

the time domain.
It has been shown [16] that -y varies widely from
ronments, while

rms

2

to 3.5 dB in indoor envi-

can vary widely from hundreds nanoseconds to milliseconds.

In other words, the power of the transmitted signal decreases from 20 dB to 35 dB

with 10 meters of distance. This has to be taken into account to build a receiver
that has a high enough sensitivity to pick up the DLOS signal.

From what has been discussed so far, we can conclude that the same ML
estimator designed for AWGN channels can be used in multipath channels, but
the performance of TOA estimation degrades significantly. The characteristics of

the ranging system plays a significant role, and the instantaneous channel profile
also affects the setup. Therefore, here are a few principles that should be observed

to improve the TOA estimation in multipath channels [1]:
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FIGURE 2.5: Frequency Domain Measurement System

. Increase the receiver dynamic range and sensitivity
. Increase resolution by increasing bandwidth or using super resolution estimation algorithms

. Employ the setup in a fashion that minimizes NLOS scenarios

2.4.

Description of the Test System
An established technique to empirically calculate a TOA estimate without

building an entire radio from ground up is through the use of a frequency domain measurement system [17]. Fig. 2.5 shows the basic measurement system and
components.

The overall experimental setup is composed of:
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Skycross 3.1-6GHz UWB Antennas
HP-8720ES Vector Network Analyzer (VNA) with frequency range 0.5-20GHz

GPIB network

Computer running Microsoft Excel and VNA capture program

The heart to the measurement system is the VNA. Its basic capability is to

measure the scattering parameters of the RF device under test, in this case the
RF channel, and display it in the frequency domain. A particular element of the
[S] matrix can be found as

S

17+
V3

S is found by driving port

j

with an incident wave of voltage VJ, and measuring

the reflected wave amplitude, V

the

jth

Vk=O for kj

coming out of port i (assuming all ports except

port is terminated with matched loads to avoid reflections from the con-

nections). Thus,

is defined as the transmission coefficient from port

j

from

port i when all other ports are terminated in matched loads.

In all, the 2-port S-parameters relate traveling waves to a 2-port reflection
and transmission behavior [18].
\\

Isi22)

(2.10)
1s2112

s22P
1W12

The parameter that we want to measure is

S2112,

/

the power transmitted from

port 2 to port 1. The network analyzer sweeps the frequency domain according to
the supplied specifications to obtain an entire channel response

H(f).

The sweep frequency, number of points and power of transmitted signal can
be adjusted with the VNA. These values play a big role on how much time resolution can be obtained. Suppose we obtain H(f) between the sweep frequency F1 and
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F2, and we specify the analyzer to transmit N continuous wave tones uniformly
distributed. Then the frequency resolution is given by

FR=

F2F1

Ni

and this allows the capture of multipaths with maximum excess delay (Tm) of 1/FR.

Hence the sampling time would be

Ni

1

Ts==N(FF)
Since N is usually a relatively large number,
1

TSFF =
where B = F2

F1,

1

bandwidth of the swept signal. Hence the swept bandwidth

gives us approximately the time resolution we can get on the VNA. To improve
time resolution for small bandwidths, several interpolation methods can be used,
like the inverse chirp-z transform or zero padding the IFFT. They can improve peak

detection, but cannot change the true sampling rate. (Note that while this implies

that the frequency sampling rate F

B and not 2B the sampling theorem is
,

not broken in this case since the data is complex-valued.)
The antennas used for testing are ultra-wideband omni-directional antennas
built by Skycross, for a range between 3.1GHz-6GHz. They have a VSWR response

of 2:1 in that band and has excellent phase response. They do add a certain
delay as a result, and calibration to remove these effects entirely from the system

is impossible without access to an anechoic chamber, but the delay should be
negligible.

The frequency domain measurements were conducted by fixing the transmit

antenna and moving the receiver around the desired locations. After data collection, the measured frequency domain channel profiles are sent to Matlab undergo
an inverse Fourier transform (IFT) along with other peak enhancement techniques

to obtain the time-domain channel impulse response.
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2.4.1.

Illustrating Different Multipath Conditions Using the VNA

The VNA is set up to take actual measurements in the Digital Signals Lab
in Owen Hall, Room 405. During the course of testing, LOS and NLOS scenarios
were encountered. This section identifies these scenarios and shows how to detect
them.

The VNA is used to sweep the frequency domain channel from 2.3GHz to
2.5GHz with 801 samples. This gives us a frequency separation of 25kHz and a
time resolution of about 5ns.
The noise floor of the measurement system is -llOdBm and a Hanning window

with side-lobes of -32dB is applied before the frequency domain channel profile is
transformed.

Port 1 of the VNA is connected directly to the UWB transmit antenna, and
port 2 is connected to an approximately 2m long cable which is then connected to

the UWB receive antenna. The antenna effects were not removed and hence will
add a certain delay as well to the setup, although it will be negligible. To remove
the effects of the cable, the cable is sent back-to-back from port 1 to port 2 of the
VNA, so that the signal goes through the cable only.
From Fig. 2.6, the cable used for this setup adds a path loss of approximately
2.15dB at 5GHz and the impulse response shows a clear peak received 6.35ns after
transmission.

In calculating all other measurements from here on, the path loss of the cable

and time delay are simply subtracted from the final setup to remove the effects of
the cable.
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FIGURE 2.6: 2 meter Cable (a) Magnitude Response (b) Impulse Response
Range(MHz)

Yrms(ThS)

TOA(ns)

TOA(ns) Cal

P103(dB)

4900-5100

33.44

10.25

3.90

-52.62

(dB cal)

P10

-50.47

TABLE 2.1: 5GHz at 1 meter (Fig. 2.7)

2.4.2.

LOS, NLOS conditions observed with the VNA

Fig. 2.7 is a typical measured profile under LOS conditions. The strongest

path is the DLOS path, and without much ambiguity the DLOS path can be
extracted. Table 2.1 summarizes the data from Fig. 2.7.

It is noted that this measurement was with a T-R separation of 1 meter,
therefore the expected TOA should be about a meter. The measured TOA after
calibration was 3.9ns, which translates to about 1.33 meters. Hence there is a
small 0.33 meters (about ift) of error involved in this particular measurement.

Fig. 2.8 is an example of conditions obtained when there is non-line of sight

(NLOS), i.e. there is an obstruction, usually metallic in nature, in between trans-

mitter and receiver. It can be seen that the first path is not the strongest path,
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FIGURE 2.7: LOS measured profiles obtained at 200MHz BW, 800 pts (a) Magnitude
Response (b) Impulse Response
Range(MHz)

Trms(fls)

TOA(ns)

TOA(ns) cal

Pj08(dB)

4900-5100

14.54

26.61

20.26

-81.00

P10

(dB cal)
-78.85

TABLE 2.2: 5GHz at 1 meter (Fig. 2.8)

and this leads to large estimation errors (20.26ns vs an expected 3ns, an error of
over 5 meters in this particular case).

Under these conditions when the first path is not the strongest path, a more
complex RAKE receiver or/and signal processing techniques can be used in order
to resolve the multipath and intelligently detect the TOA of the DLOS path. Some
time domain techniques will be applied later to try to improve the detection of the
DLOS path.

25
Impulse response

MaQn4ude Flosponso

-55

-60
11I
-70

4900

4920

4940

4960

4980
5000
5020
Irequency(MHz)

5045

5060

5080

5100

0

50

00

155

250

250

350

lore nanoseconds

FIGURE 2.8: NLOS measured profiles obtained at 200MHz BW, 800 pts (a) Magnitude
Response (b) Impulse Response

2.5.

Ultra-Wide Band (UWB) Receiver Considerations
If a TOA system is implemented for UWB, several requirements have to be

met. The UWB power spectrum is regulated by the FCC, and they have imposed
a strict power transmission mask that must be followed (Fig. 2.9). In general, for
a successful communications link,

Link Margin = Tx Power Rx Sensitivity SNR + Antenna Gain Path Loss
As was stated in Section 2.3., good DLOS detection hinges on receiver sen-

sitivity and receiver dynamic range. UWB systems can only transmit power at
or below -4ldBm/MHz over the 3.1-9.7GHz spectrum band. Antenna gain in any
direction should be as high as possible with good isotropic radiation in all direc-

tions. Path loss was estimated in Section 2.3. and [16] to be about 2OdB-35dB
per 10 meters for the indoor environment. In this case, a standard UWB receiver
with -100dB sensitivity at 0dB SNR will have a link margin of about 60dB. From
Eqn. 2.8, assuming PL0 = 40dB, to measure out to 200 feet under best conditions,
a link margin of about 76dB is required, thus a receiver with a sensitivity of 117dB
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CHAPTER 3. TOA ESTIMATION ALGORITHMS AND
PERFORMANCE ANALYSIS

As has been explained in Chapter 2, the indoor multipath channel is already

a limiting factor in deploying indoor geolocation systems. There are a number
of ways to alleviate these effects. One of these ways is to increase the system

bandwidth, which in turn enhances the time-domain resolution. Another way is
to perform some signal processing on the frequency domain data.
This chapter begins with an explanation of the IFT algorithm in section 3.1.,

the DSSS algorithm in section 3.2., and the MUSIC algorithm in section 3.3. as
they apply to TOA estimation.

Finally the chapter is concluded and with a measurement of the results in
section 3.4. under different indoor conditions.

Basic IFT

3.1.

The most straightforward way to get the tune-domain representation is to
perform direct Inverse Discrete Fourier Transform (IDFT). Suppose we had a sequence of

N

samples in

be calculated from

F(k),

F(k)

indexed by

k = 0,

...,

N

1,

the sequence

f(n)

can

by
N-i
f(n) =

where

f(n)

and

F(k)

Although both

(3.1)

> F(k)e32

are generally complex.
n

and

k

a periodicity of N. So both

range over 0,
f(n)

and

...,

F(k)

N

1,

the definitions above have

are defined for all (integral)

n

and
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FIGURE 3.1: Block diagram of the IFT estimation algorithm

k respectively, but we only need to calculate values in the range

O...N

1.

Any

other points can be obtained using the periodicity property. Hence when working

in Matlab care must be taken to display the desired instance of f(n).
Prior to application of the IDFT, a window (typically Hanning) is applied.
Windows are typically used to mitigate edge effects associated with a finite data

set, and this helps to reduce false peaks by tapering the frequency domain data

to a low value at the ends. This compensates for an inherent error in the FFT
algorithm used in Matlab that would cause the energy at specific frequencies to be
spread out rather than well-defined in frequency. A w point Tukey window [19] is
applied, described as
2

[1 + cos

w[k]=

(27r k-i
)]
1

{

rN-i
{1+cos(=7r)I
r

k < (N

1) + 1

(N-1)+1kN(N-1)
N

(N

1) < k
(3.2)

where r is defined as the ratio of taper to constant sections and is between 0

and 1. When r = 1, the window acts like a Hanning window.

It is noted that the Hanning window reduces the sidelobes by -31dB, but
has the detrimental effect of widening the main lobe, thus decreasing the effective

resolution. In most of this paper, the Hanning window (r = 1) was applied, unless
otherwise stated.
One way to get a smoother time domain response is to zero-pad the frequency
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response. Frequency-domain zero padding (FDZP) can be performed as long as
the frequency domain data passes the Nyquist Sampling Criterion (refer to Chap-

ter 2.4.). In the particular application of locating the strongest path, this method
is invaluable for improving the peak detection, and works similar to up-sampling

the time-domain samples, then passing through a low-pass FIR filter [20]. The

greater the low-pass FIR stopband attenuation, the greater the image rejection,
and the more accurate the time-domain interpolation. In this FDZP technique, for
periodic time signals, image rejection is ideal in the sense that the spectral images
all have zero amplitudes.

To perform FDZP, we insert the zeros after the first N/2 spectral samples, in

order to maintain spectral symmetry (assuming the spectral component at F(N/2)
is negligible and small, which after windowing, is typically zero). The number of

zeros to insert depends on the interpolation factor desired.

After windowing and IDFT, the peak detection algorithm then selects the
closest peak to the actual TOA.

Direct Sequence Spread Spectrum (DSSS)

3.2.

DSSS refers to a technique whereby a smaller information signal is mixed

with a higher bandwidth Pseudo-Noise (PN) code to produce a signal ready for
modulation. This product will have a spectrum that is nearly the same as the PN
signal.

In practice, the product term has to be shaped before transmission since
using rectangular pulses will spread the signal too wide in frequency and produce

noise. A common pulse-shaping filter that is employed is a Raised Cosine Filter,
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FIGURE 3.2: Block diagram of the DSSS estimation algorithm

and is mathematically written as

H(w) =

1

forw<W(1a)

0

for w > w(1 + a)

1+co8(

2aw

"

for w(1

2

(3.3)

a) < w < w(1 + a)

The signal is recovered via a matched filter (another raised cosine filter)
before being despread and processed. No other signal is desired but the first
DLOS path, hence despreading is not modeled. As such, Fig. 3.2 is sufficient to
model a DSSS system for TOA estimation.

3.3.

MUSIC Algorithm
This subspace technique was originally proposed in [13] and [21]. Initially

the algorithm was proposed in [13] for stationary at frequency channels and further
extended in [21] for frequency selective fading channels [22].

The channel impulse response is given by
L0-1

h(t) =

cEkc5(t

(3.4)

1k)

where L is the number of multipath components, ak = IakIe°" is the complex

attenuation of the

kth

path, and

Tk

is the propagation delay of the

kth

path. The

Fourier Transform of the channel response is then

1
H(f)

=

ake

(35)
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The parameters

0k

and

7k

are assumed time invariant within one snapshot of

measurement [23]. The phase of the complex attenuation

°k

is assumed random

with a uniform PDF U(O, 2r), and are typically frequency dependent. For this
thesis, it is assumed that these parameters are frequency independent. A harmonic

signal model is applied by exchanging the role of time and frequency variables in
Eq. 3.5 which yields
L-1
H(r) =

(3.6)

cke

This model is developed in the fields of spectral estimation [24], and any

spectral estimation techniques that are suitable for the harmonic model can be
applied to the frequency response of the multipath indoor radio channel to perform
time-domain analysis [8].

The discrete measurement data are obtained by sampling the channel frequency response H(f) at L equally spaced frequencies. Considering additive white

noise in the measurement, the sampled discrete frequency domain channel response
is given by
L-1
x(1) =

where I = 0, 1,

...,

H(f1) + w(1) =
L

1,

fO+)

+ w(l)

(3.7)

and w(I) denotes additive white measurement noise

with zero mean and variance a. Then the signal model in vector form becomes

x=H+w=Va-f-w

(3.8)

where
= [x(0)

H=

[H(f0)

w = [w(0)

x(1)

H(f1)

w(1)

...

i)]T

x(L -

...

...

w(L -

i)]T
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V=

=

[v() v(r1)... VL_1)]

eA1

[1

a = [a

ej21r(L1fTk]T

a
=

The MUSIC super-resolution technique is based on the eigendecomposition

of the autocorrelation matrix of the signal model in Eq. 3.8. The autocorrelation
matrix is given by
=

E{xx'} = VAVH + cI

(3.9)

where A = E{aa"} and H is the Hermitian operator. Since the propagation

delays 'rk in Eq. 3.4 are assumed to be all different, the matrix V is linearly
independent. If we assume ak is constant and the phase is a uniform random

variable in [0, 2ir], the L x L covariance matrix A is nonsingular. Then the rank

of the matrix VAVH is L, and the L

L smallest eigenvalucs of

are all

equal to a, assuming L > L. The eigenvectors corresponding to the L
smallest eigenvalues of

are called the noise eigenvcctors while the eigenvectors

corresponding to the L largest eigenvalues are called the signal eigenvectors. Thus

the L-dimensional subspace that contains the signal vector x can be split into two

orthogonal subspaces, known as the signal subspace and noise subspace, by the
signal and noise eigenvectors respectively [25]. The projection matrix of the noise

subspace is then determined by
(3.10)

= Q W(Q QWYQW = QQ
where

Q = [qi

qL+1

...

tors. Since the vector v(Tk),

O,.

qL-11 and q, L

k

L

1 are noise eigenvec-

1 must lie in the signal subspace, we have

Pv('rk) =

0

(3.11)
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Then, the multipath delays

Tk, 0 < k <L

1

can be determined by finding

the delay values at which the following MUSIC pseudospectrum achieves maximum
value,
1

SMUSIC('r)

2

=

1

H

I IPwv(T) J

()Pv('r)

=

1

IQv(r)

2

=

1

qIv(r)2

I

(3.12)

The noise subspacc is defined in terms of the eigenvalues of the output co-

variance matrix R. In practice this matrix is unknown and is estimated using the
sample covariance matrix

R=
where M = N L + 1 and

x{k]x"[k]

x(k) = [x(k)

...

x(k + L

(3.13)

i)JT

Improvement of Correlation Matrix with Limited Measurement Data
The measurement data is assumed to be wide-sense stationary (i.e. Hermitian

and Toeplitz). However the estimated correlation matrix R was based on actual
measurement data of a finite length N and is not Toeplitz. The estimate can be
improved by applying the forward-backward correlation matrix (FBCM)
fjFB
2

(iL +

J1;J)

(3.14)

where the superscript * denotes conjugate, superscript FB denotes "forward-backward"

estimation, and J is the L x L exchange matrix whose components are zero except
for ones on the antidiagonal

[14].

This is the modified form of the MUSIC algorithm that is applied throughout

the thesis. The blocks are processed in
is longer than that of IFT.

M

blocks at a time, and processing time
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Performance Analysis

3.4.

The behavior of the TOA estimates varies significantly in different multipath

conditions. In this section, we first consider the LOS vs NLOS scenarios, using
data collected from the VNA in Owen 405, Then the IFT and DSSS algorithms
are applied to try to improve performance.

Bandwidths(MHz)

T-R Separation (m)

No. of Points Swept

LOS

NLOS

40, 80, 120, 160, 200

1

800

50

50

TABLE 3.1: Measurements taken

All data was compiled in Excel, every measurement was calibrated for cable

losses and sent to Matlab for processing (see Section 2.4.1.). The sweep time for
one reading is about 4Oms, long enough to assume the snapshot is not stationary.

3.4.1.

Comparison of Algorithms

The performance of the three TOA estimation algorithms are compared for
two different scenarios and several bandwidths.

In this measurement, the T-R separation is kept at 1 meter, and the IFT
and DSSS algorithms are compared under LOS and NLOS conditions. A certain

amount of uncorrectable error is anticipated, and are introduced in a number of
ways. One is due to antenna delays that were unaccounted for. The other is slight

miscalibration of the VNA over time. While the VNA was recalibrated before
every experiment, after a certain amount of time the S-parameters start to drift.
These experiments may give insight into how much ranging error is expected
in a multipath environment when operating at the 5GHz band, and how much error
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improvement is expected when applying frequency domain techniques to detect the

DLOS path better.

3.4.2.

LOS conditions

Under LOS conditions (Fig. 3.3), the performance of the algorithms are sim-

ilar to each other. All the algorithms operate with ranging errors of 1.4 meters or
better, and do not go below 0.8 meters of error. In this case, the DSSS algorithm
cannot significantly enhance the IFT estimate.

MUSIC also performs slightly worse as the bandwidth is increased from

80MHz to 200MHz. This is due to the way this particular algorithm was implemented: a slight quantization error of about ins (about 0.3m) is introduced. If

this is taken into account, variances of about 0.3 meters are to be expected with
this particular MUSIC algorithm.

Fig. 3.4 shows the algorithms in operation in one particular snapshot with
a system bandwidth of 40 MHz. The DSSS algorithm offers slight enhancement

over the IFT algorithm, but the MUSIC algorithm has the best resolution, and
provides a very sharp peak where the DLOS signal is expected. In all cases, the
DLOS paths were accurately detected.

3.4.3.

NLOS conditions

For NLOS conditions at 5GHz center frequency, the first path is physically

obstructed and is never the strongest signal. This leads to detection difficulties,

and Fig. 3.5 shows that the distance error for is worse for all cases, even after
applying the enhancement algorithms.
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The IFT and DSSS algorithms perform similarly under these conditions, with
mean errors of over 15 meters at 40MHz bandwidth, and over 6 meters at 200MHz

bandwidth. But the MUSIC algorithm is able to greatly reduce the mean error
to under 6 meters across all frequencies. As a result, under NLOS conditions the
super resolution method is preferred.

A general reduction of mean errors is noted in this case as bandwidth is
increased when using all algorithms. The MUSIC algorithm improves by a small
amount (under 4 meters) when going from 40 MHz bandwidth to 200 MHz bandwidth, but for the IFT and DSSS algorithms, the mean error improvement is drastic

at over 10 meters.

In most NLOS cases, like in Fig. 3.6 at 200MHz bandwidth, the first path is
not the strongest, and the IFT and DSSS algorithms do not detect the correct path

as the strongest path. The MUSIC algorithm typically has the ability to detect
the first path better than other algorithms because it has a higher time resolution,

and will decluster the signal into narrower peaks. In this case the first peak is
better indicated with the MUSIC algorithm than the others.

3.4.4.

System Bandwidth

As was stated by the CRLB, the lower bound of ranging errors is affected by

system bandwidth. A general fact that has been noticed from the results is that

the ranging errors drops due to increasing bandwidth. Fig. 3.7 shows a plot of
distance errors for the two multipath conditions with varying system bandwidths
at 5GHz center frequency.

It is noted that for the LOS conditions, from 40MHz onwards the effect of
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FIGURE 3.5: Mean of ranging errors for NLOS with the different algorithms
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bandwidth is negligible. For the NLOS case, the rolloff is more significant. Ranging

errors decrease rapidly in NLOS conditions from 80 MHz onwards and settles to

about 6 meters. So increasing system bandwidth beyond a certain point, in this
case about 120MHz, has a limited benefit.
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Conclusions and Future Work

3.5.

In this thesis, the performance of TOA estimation algorithms in LOS and
NLOS conditions was analyzed based on a set of measurements made in Owen 405.

It was observed that in LOS conditions at 5GHz, TOA estimation errors
are generally similar and no algorithms further improve the estimate by much.
For NLOS, a higher system bandwidth is extremely beneficial. Further gains in
accuracy are obtained by using super resolution techniques. The modified MUSIC

algorithm performs best in the NLOS environment. Also, this algorithm is more

significant at lower system bandwidths compared to the other algorithms. At
higher bandwidths, the benefit of using MUSIC over other less computationally
intensive algorithms is not so huge.

3.5.1.

Future work

More advanced digital signal processing techniques like subspace based prop

agation delay estimators can be used. An actual UWB system should be built and
actual measurements.
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