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Abstract

The Federal Communications Commission (FCC) recently adopted rules
requiring cellular telephone, Personal Communication System (PCS) and Spe-
cialized Mobile Radio (SMR) licensees to provide two dimensional automatic
location information (ALI) for a user requesting E-911 service. These wireless
service providers will need to utilize effective position location (PL) technology
in order to meet FCC rules. Hyperbolic PL systems are one such technol-
ogy that can provide accurate PL information using the existing cellular /PCS
infrastructure and without requiring additional hardware/software implemen-
tation within the mobile unit. In recent years, the IS-95 Code Division Multiple
Access (CDMA) system has gained increasing popularity in North America be-
cause of the many advantages it offers over existing air interfaces. However,
CDMA systems present some unique challenges to the effectiveness of hyper-
bolic position location systems.

This thesis investigates the performance of the hyperbolic PL technique in
CDMA systems. The effect of multipath and shadowed mobile radio environ-
ments, the location of the user within the cell, and configuration and number
of base stations on the accuracy of the hyperbolic PL technique is investigated.
The effect of the power control scheme required in CDMA system operation
on the performance of the hyperbolic system is also demonstrated. The simu-
lation results provide insight to the limitations and effectiveness of hyperbolic

position location systems within CDMA systems.
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Chapter 1

Introduction

Wireless mobile radio systems have generated many new services in recent years. Cel-
lular communication systems provide data and voice communication services with the
convenience of mobility to their users. Paging systems provide paging services, brief
messages in numeric, alphanumeric and voice formats, allowing their subscribers to
receive messages virtually anywhere. With the development of new Personal Com-
munications Systems (PCS), one can only expect an increase in the availability and
types of service. However, one service that current wireless radio systems are unable
to offer is effective and efficient emergency 9-1-1 service. This is primarily due to the
inability of wireless mobile radio systems to provide accurate user position location
(PL) information to the public safety answering points (PSAP). This problem has

become evident to those who use and those who govern wireless services.

In 1994, the Federal Communications Commission (FCC) addressed this problem and
proposed regulations that will require wireless service providers to provide Enhanced
9-1-1 (E-911) service in the near future [FCC94]. The National Association of State
Nine-One-One Administrators (NASNA), the National Emergency Number Associa-
tion (NENA), the Public-Safety Communications Officials (APCO) and the Cellular
Telecommunications Industry Association (CTIA) have encouraged the FCC to adopt
such regulations. The primary concern of the commission and these organizations is
the inability of wireless service providers to provide automatic location information
(ALI) to emergency service providers. This ALI information allows the emergency

service agencies to provide fast and efficient emergency service to those in need of
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assistance. While almost all wireline telephone service providers are capable of pro-
viding ALI information to the PSAP’s, wireless service providers currently are not.
In June 1996, the FCC adopted regulations requiring wireless service providers to
implement E-911 [FCC96]. These regulations will affect all existing and future cellu-
lar and PCS service providers. To meet FCC regulations, wireless service providers
will have to incorporate PL technology that will locate a user within an accuracy of
125 meters 67% of the time. In order for effective wireless E-911 to become a reality,
these PL systems will have to provide accurate PL information of the user within the
harshest environments, such as dense urban environments in which multipath and

shadowing effects can greatly effect the accuracy of such systems.

1.1 Mobile Radio Position Location

Several different position location (PL) technologies present themselves as candidates
for a mobile radio PL system. However, radio frequency (RF) PL systems have
dominated the field because they offer the advantages of relatively low cost, ease
of integration and potentially high accuracy. Radio frequency PL techniques also
work with the existing cellular/PCS infrastructure, eliminating the need for external
network implementations. Furthermore, radio frequency systems may operate, to a
limited extent, in cases where other PL methods completely fail, such as when the

line-of-sight (LOS) to the source is not available.

Radio frequency PL systems attempt to locate a source by direct measurements on
radio signals traveling between the transmitter and receiver. These RF PL systems
use time, phase or frequency measurements to first estimate the direction or range
information of the signal propagation path, then utilize estimators that provide PL
solutions from the measured data. The most widely used RF PL technique for geolo-
cation of mobile users is the hyperbolic position location technique. The hyperbolic
PL technique, also known as the time difference of arrival (TDOA) PL technique,
utilizes cross-correlation techniques to estimate the TDOA of a propagating signal
received at two receivers. This delay measurement defines a hyperbola of constant
range difference from the receivers which are located at the foci. When multiple re-

ceiving stations are used, multiple hyperbolas are formed, and the intersection of the
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set of hyperbolas provides the PL estimate of the source. The hyperbolic position
location technique offers the advantages of not requiring additional hardware or soft-
ware within the mobile unit, ability to resolve ambiguities in the PL estimate and

minimizing the effect of noise within the mobile radio channel.

While hyperbolic PL systems can provide accurate PL estimation of a source given the
appropriate conditions, geolocation of a mobile unit can be severely hindered by ele-
ments associated with the mobile radio channel. Multipath propagation can severely
degrade the accuracy of PL techniques. This is a disadvantage common to all ra-
dio frequency PL systems. Proper base station positioning can be used to mitigate
multipath effects. However, because cell coverage is a primary concern of wireless
service providers, this may not be feasible alternative. When the mobile operates
in shadowed environments, in which the line-of-sight (LOS) propagation path is ob-
structed by either man-made or natural structures, the signal propagation delays and
attenuation experienced can also effect the accuracy of position location estimates.
Furthermore, because the hyperbolic PL technique requires reception of a mobile’s
transmitted signal at multiple platforms, usually three or more base stations (BS),
another problem lies with signal power levels at each receiving station. Because base
stations in cellular/PCS systems are located to optimize cell coverage, the number of
base stations receiving the signal with adequate power level may be limited. These
mobile radio channel conditions present some unique challenges to the geolocation of

a user within a cellular/PCS system.

1.2 Position Location in CDMA Systems

Development of CDMA systems within the U.S. is currently underway and it is ex-
pected to grow. To meet FCC wireless E-911 regulations, these systems must incor-
porate position location techniques that will acquire and provide accurate location
information for a user requesting E-911 service to the PSAP’s. However, position

location systems within CDMA systems face some unique challenges.

First, if geolocation is implemented in the forward channel, the mobile unit would be

required to make signal measurements and either relay the information to a Master
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Switching Center (MSC), which would then perform the PL calculations based on the
measurements, or perform the PL calculations and relay the PL estimate to the MSC.
Accurate clock synchronization between the base stations and mobile unit would be
required in order to achieve accurate PL estimation. This implementation would
require additional hardware and/or software in the mobile unit, possibly increasing
the power requirements, size and cost of the unit. Furthermore, to allow E-911 access
for all users within a CDMA system, retrofitting of existing CDMA or dual mode
AMPS/CDMA phones may be required.

The reverse link of a CDMA system also presents unique challenges. Since reverse
channel transmissions originate from users dispersed within a cell, the reverse link is
subject to the near-far problem. The near-far problem occurs when a mobile units
power level at the base station is much higher than the power level of all other
mobile users. This introduces interference in the signals of all other mobile users,
degrades signal quality and system capacity. Consequently, a strict power control
scheme is required which adjusts the transmitting power of all users accordingly to
limit the amount of interference. Under this power control scheme, when a mobile
unit’s received power level increases as it moves in closer proximity to the base station,
the mobile unit is directed to reduce its transmitting power. In this situation, the
signal power levels at neighboring base stations will be lower because of the reduced
transmitting power and increased transmitter-receiver distance. This results in low
signal-to-noise ratio (SNR) at the neighboring BS’s and leads to inaccuracies in PL
estimation. This presents a major problem to reliable and accurate geolocation of
mobile users [Gil96].

Although CDMA offers multipath interference rejection, multipath interference is only
rejected if the multipath arrives with a delay of at least one chip interval of the CDMA
code. Multipath arriving within the chip interval can introduce errors in the TDOA
estimates, resulting in inaccurate PL estimation. This presents another limitation to
the capabilities of hyperbolic position location systems. The extent to which these
mobile radio channel elements effect the accuracy of the hyperbolic position location
technique must be known if these detrimental effects are to be mitigated to provide

improved PL performance.



CHAPTER 1. INTRODUCTION )

Although CDMA system operation and the mobile radio channel introduce limitations
to the PL estimation accuracy, CDMA systems are well suited for position location
from a technical standpoint. Similar to the well-known Global Positioning System
(GPS) [Par96], CDMA systems use high rate pseudo-noise (PN) sequences. The short
duration of the PN “chip” allows for a high resolution TDOA estimation, resulting
in accurate position location estimation of a mobile unit. To illustrate the improved
TDOA resolution capabilities of high rate PN sequences, consider a single 16us pulse
from a BPSK signal, as seen in Figure 1.1. The normalized cross-correlation of the
pulse, assuming a noise-free environment, results in a correlation peak that is rather
broad. However, when the same pulse is spread using a high chip rate PN spreading
sequence, as seen in Figure 1.2, the normalized cross-correlation results in a much
narrower peak, which can be detected with a much greater resolution than the con-
ventional pulse. This higher temporal resolution effectively reduces the uncertainty

in the TDOA estimation and improves the accuracy of the position location estimate.



CHAPTER 1. INTRODUCTION

Pulse
2 ‘
15F 1
[}
°
2
317 1
E
<
0.5 i
0 L 1 1
-2 -1 0 1 2
Time (sec.) ¥ 107
Autocorrelation of Pulse
1
0.8 1
[}
3 0.6 1
é-
g 0.4r R
0.21 1
0 1 1 1
-2 -1 0 1 2
Time (sec.) x10°
Figure 1.1: Single Pulse and Autocorrelation
PN Chip Sequence
2 ‘
1 |- 4
kel
2
20
<
Ak 4
-2 L I I
-2 -1 0 1 2
Time (sec.) ¥ 107
Autocorrelation of PN Chip Sequence
1 T T
0.8 1
[}
3 0.6 1
é-
g 0.4r R
l WMMMMWWMWMWW |
0 LaheM | o
-2 -1 0 1 2
Time (sec.) x10°

Figure 1.2: PN Spreading Sequence and Autocorrelation



CHAPTER 1. INTRODUCTION 7

1.3 E-911 and FCC Regulations

1.3.1 Enhanced 911

In 1965, American Telephone and Telegraph (AT&T) introduced the use of the phone
number 911 for emergency purposes. Since its inception, this 911 emergency number
has seen widespread use. A study by the FCC’s Network Reliability Council indicates
that 89 percent of the wireline access lines in the United Sates are served by some
form of 911 service [Nat93]. Currently, about 260,000 calls nationwide are placed to
911 every day [FCC94]. The 911 telephone emergency number provides users with
an easily memorized number for accessing emergency services within their area and
allowing them to receive, and state and local governments to provide, fast response

to emergency situations.

The initial implementation of 911 emergency service was developed to provide a for-
warding arrangement with public safety agency’s. The 911 call is received and trans-
lated by a telephone switch and directed to the appropriate public safety answering
point (PSAP) over dedicated emergency telephone lines for response. However, this
did not provide for the most efficient response time because the PSAP handling the
call may not be the PSAP nearest to the caller and vital information, such as the
caller’s location or phone number, was not always available. Thus the need for a
more efficient 911 service was conceived, which consequently lead to the development
of the Enhanced 911 (E-911) service.

Enhanced 911 service, which is provided by approximately 85 percent of emergency
911 systems, aid emergency services personnel in achieving the shortest possible re-
sponse time to emergency requests [FCC94]. The minimum E-911 service provides
the PSAP with Automatic Number Identification (ANI) information of the calling
party. The ANI, which indicates the calling party’s phone number, permits call-back
capability in the event the call is disconnected. A fully enhanced 911 service not only
displays the ANI, but also permits the PSAPs to identify the calling party’s address
through use of an Automatic Location Identification (ALI) database. This ALI in-
formation also permits selective routing (SR) of the call to the appropriate PSAP for
the identified location [FCC94].
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However, while some wireless systems are capable of providing basic 911 service, few
provide E-911 service. The ability of the public safety agencies to respond is severely
hindered by the inability of wireless systems to provide the ALI information of the
caller requesting assistance. This information is not accessible in the ALI database
associated with wireline telephone users. Furthermore, wireless service providers are
unable to provide call-back capability, the number of the caller, or indicate the type
of service required. The inability of wireless service providers to offer comparable E-
911 service to its customers has become a major safety issue that concerns the FCC,

public safety organizations and the wireless industry.

1.3.2 FCC Regulations for Wireless E-911

In 1994, the Federal Communications Commission (FCC) proposed to amend its
regulations to address issues raised by the provision of 911 and enhanced 911 (E-
911) service through wireless communications systems [FCC94]. The FCC proposed
to adopt rules that would require wireless services, in particular commercial mobile
radio services (CMRS) that provide real time voice services, to include features that
will make enhanced 911 services available to mobile radio callers. These features
include Station Number Identification (SNI), Automatic Location Information (ALI),

Selective Routing (SR), and other features for 911 calls provided over wireless systems.

The FCC recognized that in order to provide a functionally equivalent E-911 service to
wireless customers, the mobile unit must be able to communicate to the base station
(BS) the information required by E-911 service (ANI and ALI). The base station
must be able to interpret this information, provide proper handling of 911 calls, and
forward sufficient information to the PSAP to provide call-back capability, location
information enabling selective routing, and the determination of the type of service
to be provided. Proper handling of 911 calls includes giving 911 call priority over
non-emergency calls and without required validation. However, because the nature
of calls in progress is unknown, priority of 911 calls will not require the interruption

of calls in progress.

In June 1996, the FCC adopted rules that require wireless service providers to imple-
ment E-911 and that compliance should be implemented in three steps [FCC96]. The
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first step requires, within twelve months after the effective date of the rules, cellular
telephone, Personal Communications Systems (PCS) and Specialized Mobile Radio
(SMR) licensees to transmit to the PSAP’s any 911 emergency calls from a handset
that transmits a Mobile Identification Number (MIN), or its functional equivalent,
without any interception by the carrier for credit checks or other validation proce-
dures. The commission also allows the PSAPS the discretion to require cellular, PCS
and SMR’s licensees to transmit 911 calls that originate from phones that do not
transmit the MIN, without any credit checks or validation. The second step, be-
ginning twelve months after the effective date of the rules and to be completed by
eighteen months, requires these same licensees to provide the PSAP with the callers
phone number, and at a minimum, the location of the base station (BS) or cell site
handling the 911 call. Furthermore, if the BS or cell site employs a sectored antenna,
the information relayed to the PSAP would have to indicate the sector in which the
911 call is received. The third step allows PSAPs to require within five years after
the effective date of rules, cellular, PCS and SMR licensees to obtain and relay two
dimensional (2-D) position location of the mobile station within an accuracy of 125
meters (~ 400 feet) in 67 percent of all cases to the PSAP. This information would
provide the PSAP with a relative precise location of the 911 caller requesting assis-
tance. The first two goals are primarily networking and protocol design problems,
and while they provide significant challenges, they are not the focus of this thesis.
The third goal of 2-D PL is the primary topic studied in this thesis.

1.4 The Importance of Accurate PL Techniques

Emergency E-911 service has proven effective in aiding those in need of assistance.
However, this is only true for wireline telephone customers. While some wireless
systems are capable of providing basic 911 service, few, if any, are currently capable
of providing enhanced 911 service. This raises public policy concerns because as the
number of calls from wireless service users continues to rapidly increase, so do the
number of emergency 911 calls originating from them. For example, the number of
cellular calls in Massachusetts increased from 300 per month in 1987 to more than
15,700 per month in 1992 [FCC94].
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In order for emergency services to provide comparable E-911 service to wireless service
users, the location of the individual will have to be accurately known. This location
information should not rely upon the caller’s verbal instructions. For example, in Los
Angeles County, more than 25% of the callers out of 600,000 cellular/mobile 911 calls
made in 1992 could not identify their location [FCC94]. Consequently, the location
of a user should be determined through passive position location techniques without
requiring user intervention. These position location techniques will need to achieve
high reliability and accuracy, especially in densely populated urban environments, to
be effective. It is estimated that as many as 10% of all 911 calls originate from mobile

radio service subscribers within major metropolitan areas [FCC94].

With the extreme growth of existing wireless communications systems, billions of dol-
lars have been invested in the deployment of PCS. As the competition for consumers
is expected to increase with this new system, a wireless service provider that pro-
vides effective E-911 service becomes more marketable and attractive to consumers,
consequently gaining an advantage over the competition. As a result, the added cost
of implementing a position location service can be offset by spreading the cost over

more users.

1.5 Purpose of Research

The objective of this research is to simulate and evaluate the performance of the
hyperbolic position location technique within CDMA systems in urban cellular envi-
ronments. The pseudo-noise codes used in CDMA systems facilitate high resolution
TDOA estimation which leads to accurate PL estimation. However, the mobile ra-
dio channel, base station configuration and CDMA operation present limitations to
the accuracy of the hyperbolic PL systems. Multipath signal propagation corrupts
time difference of arrival estimation, and shadowing due to made-made or natural
structures degrade signal quality and introduce delays in the signal propagation time.
The configuration of the base stations can also hamper position location accuracy, as
indicated by the geometric dilution of precision (GDOP) factor. The power control
scheme required of CDMA systems presents one of the most serious limitations to

position location accuracy. Because of power control operation in CDMA systems,
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signal power levels at neighboring base stations can be very low, resulting in inaccu-
rate TDOA and PL estimation. The simulation software developed for this research
investigates the effect of these channel and system parameters. The limitations due
to these parameters must be overcome if accurate position location within CDMA is

to become a reality.

1.5.1 QOutline of Thesis

The remainder of this thesis is organized as follows. Chapter 2 provides an overview
of code division multiple access and radio frequency position location techniques. The
advantages of a wideband CDMA system over narrowband FDMA or TDMA and the
power control scheme required of CDMA systems are discussed. The Direct Sequence
Spread Spectrum (DS/SS) technique used in CDMA systems is presented. Classifi-
cations of radio frequency position location systems and a brief overview of direction
finding and ranged-based position locations techniques is provided. A comparison of
direction finding and hyperbolic position location systems, and factors limiting the

use of the Global Positioning System (GPS) within cellular environments is provided.

Chapter 3 provides a detailed discussion of the time difference of arrival (TDOA)
estimation techniques and algorithms used in hyperbolic position location systems.
General models for time delay estimation and hyperbolic position location estimation
are developed. The generalized cross-correlation (GCC) technique and frequency
filters used in GCC TDOA estimation are reviewed. The hyperbolic position location
algorithms commonly used to provide solutions to the position location problem are

described. The advantages and disadvantages of each algorithm are discussed.

Chapter 4 discusses the simulation method used in this thesis. The general position
location procedure within a CDMA system, as well as CDMA system parameters
and operation, is discussed. The transmitter, receiver and the mobile radio channel
models used are described. The path loss, multipath and shadowing models used in

the simulation are developed, and the issue of AWGN noise power scaling is covered.

Chapter 5 presents the experimental results of the simulations. Performance mea-
sures include the root-mean square (RMS) PL error, geometric dilution of precision
(GDOP) and circle of error probability (CEP) of the PL estimate. The performance
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of the hyperbolic position location technique within a microcellular and macrocellular
CDMA environment is presented. The performance of the hyperbolic position loca-
tion system as a function of the location of a user within the cellular environment and
signal-to-noise ratio (SNR) at the base stations is examined. Simulation results for
hyperbolic position location system operation under a CDMA closed-loop power con-
trol scheme indicate how available power levels effect PL accuracy. The effect of path
loss and observation window on performance is also investigated. The degradation in
position location accuracy due to multipath and shadowed mobile radio channels is

demonstrated.

Chapter 6 concludes this thesis by summarizing the results of the work and discussing

future work.



Chapter 2

CDMA and Position Location

Techniques

2.1 Code Division Multiple Access

In 1993, a U. S. digital cellular system based on code division multiple access (CDMA)
was standardized as Interim Standard 95 (IS-95) by the Telecommunication Industry
Association (TTA) [TIA93]. During the same year, the FCC allocated spectrum for
Personal Communication Systems (PCS) operation in the United States. Blocks of
spectrum within this band, as indicated by Figure 2.1, were licensed for PCS systems
in 1994 and 1995. Those who licensed the blocks of spectrum are allowed to use any
desired air interface provided that it complies with FCC rules. The CDMA IS-95
cellular standard, which is based on direct sequence spread spectrum (DS/SS) tech-
nology, offers several advantages over TDMA or FDMA based systems. Consequently,

the CDMA has also been selected as one of the air interfaces for new PCS systems.

2.1.1 Advantages of CDMA Systems

In a CDMA system, each user’s narrowband message is multiplied by a long pseudo-
noise (PN) sequence, called the spreading signal. The PN sequence is comprised of

random symbols called chips and has a chip rate which is in orders of magnitude

13
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Figure 2.1: PCS Spectrum Licensing

greater than the data rate of the message. This effectively spreads the narrowband
signal energy over a much larger bandwidth. Figure 2.2 illustrates the spreading
effect of the PN sequence. In the figure, b(t) is the baseband message signal with bit
duration 7', a(t) is the spreading sequence with chip duration T, and B(f) and C(f)

are the spectrum of the message before and after spreading respectively.

This spreading of the user’s signal serves two purposes. First, it provides a simple
form of security because it hides the user’s signal within the noise floor. In order to
receive the signal, a receiver must correlate the received signal with a locally generated
replica of the PN carrier. As a result, only those receivers who have knowledge of
the user’s PN sequence can acquire the user’s message. Second, it provides resistance
to narrowband interference within the bandwidth of the signal. The decorrelation
process used to despread the user’s signal at the receiver spreads the energy of the

narrowband interference over a much larger bandwidth causing it to be seen as noise.

In an ideal CDMA system, each user’s signal would be spread by a unique PN code
which is mutually orthogonal to the PN code of all other user’s. The orthogonality
of the PN sequences provides code diversity between each user’s signal, allowing
all user’s to share the same spectrum, and thus explaining the name code division
multiple access. When a particular user’s signal is despread at the receiver through
correlation with an identical PN sequence, all other user’s PN sequences are highly
uncorrelated and seen as noise. Thus CDMA offers resistance to multiple access
interference. In practice, the base station in the forward channel of a CDMA system
is able to simultaneously transmit user signals spread by orthogonal PN sequences.

However, user signals in the reverse channel are asynchronous and non-orthogonal. A
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Figure 2.2: Spread Spectrum Encoding

CDMA system is considered asynchronous if the PN sequences from different user’s
are not chip and bit aligned [Lib95]. In the reverse channel, each user’s PN sequence
is generated based on the mobile unit’s Electronic Serial Number (ESN). While each
ESN is unique, they generally do not produce a PN sequence that is orthogonal to
all other PN sequences. Consequently, the reverse channel is susceptible to multiple

access interference.

Since each user is allowed to occupy the same duplex channel, CDMA systems do not
require frequency reuse or channel allocation throughout the system, unlike TDMA
and FDMA systems. Sharing of spectrum by all user’s allows for soft handoff between
cells, which is performed by the Master Switching Center (MSC). When a user ap-
proaches the cell boundary, the MSC can simultaneously monitor the unit from two
or more base stations. The MSC is able to switch control of the user’s call to the base
station receiving the best version of the user’s signal without changing frequencies.

This greatly simplifies handoff strategies within a cellular/PCS environment.

Code division multiple access systems also offer resistance to multipath interference.
When a user’s signal is despread during the correlation process at the receiver, the
locally generated replica of the user’s PN code is aligned with the line-of-sight (LOS)
signal, assuming that the LOS signal has the greatest signal power. When the LOS
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and multipath components signal are separated by more than one chip, the multi-
path signal is highly uncorrelated and seen as noise. As a result, the interference due
to multipath lying outside of one chip is minimized. However, useful signal energy
within the multipath is lost. To make use of the signal energy within the multipath,
multi-finger Rake receivers are commonly used at the base station and mobile unit. A
general implementation of a Rake receiver is illustrated in Figure 2.3. Rake receivers
are able to maximize the signal-to-noise ratio (SNR) of the signal by coherently com-

bining signal energies from the LOS and multipath components.

Another advantage that CDMA systems offer is capacity improvement. The IS-54 and
AMPS cellular standards have a hard limit on the number of user’s that it can support
because of the limited number of available channels. Since all user’s within a CDMA
system occupy the same channel, there is not a limited number of user channels that
can be occupied. However, because the interference levels increase as the number of
user’s increase, there is a ”soft” capacity limit in which CDMA systems can maintain
acceptable signal quality. Capacity improvements are also realized by the systems
ability to exploit the voice activity of a call. Typical voice activity during a normal
conversation is approximately 40% or less. During the silent periods, in which there
is no voice activity, the data rate of the variable rate speech encoder in the mobile
unit is reduced, code symbols are repeated to maintain a constant code rate and
the unit is instructed to reduce its transmit duty cycle. This reduces the interference
contributed by the mobile unit. As a result, more user’s can be accommodated within

the same spectrum.
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2.1.2 Power Control and the Near-Far Problem

Transmissions in the reverse link of a CDMA system originate from user’s dispersed
throughout the cell. As a result, received signal powers at the base station can
vary widely. Stronger received signal levels raise the noise floor at the base station
demodulators. Weaker signals are thereby received with power much lower than
the noise floor and the probability that a weaker signal will be received is decreased.
This creates a problem termed the near-far problem. In order to combat this problem,
power control must be implemented. This power control assures that all transmissions
from the mobile units within the cell are received with the same signal power at the

base station.

Code division multiple access systems can use two types of power control: closed-
loop power control at the base station or open-loop power control at the mobile unit.
Closed-loop power control is implemented at the base station by rapidly sampling the
radio signal strength indicator (RSSI) levels of each mobile and then sending a power
change command over the forward link [Rap96]. Under open-loop power control, a
mobile adjusts its power based on the strength of the signal it receives from the base

station.

The power control required of CDMA systems presents a major problem for PL
systems. In general, as the mobile moves closer to the base station handling the call,
and consequently farther away from neighboring base stations, the received signal
power from the mobile unit increases at the base station. Under a closed-loop power
control scheme, the base station instructs the unit to reduce power to limit the amount
of interference. However, this effectively reduces the signal power at the neighboring
base stations. This can severely degrade the accuracy of the position location estimate
and possibly eliminate the ability to geolocate the mobile unit. This problem is just
one of many issues to be resolved if position location in CDMA systems is to become

a reality.
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2.1.3 Direct Sequence Spread Spectrum

Direct sequence spread spectrum (DS/SS) technology provides CDMA systems ro-
bustness against multipath and multiple access interference and improvements in
capacity. To illustrate the operation of a DS/SS system, consider the conceptual
representation of a DS/SS transmitter shown in Figure 2.4. It is assumed that the an
information bearing signal b(¢) is BPSK modulated data. The ith bit of the informa-
tion bearing signal is assumed to be an equiprobable independent random variable
that takes on values of b; € {41, —1}. The data signal b(¢) is described as

b)) = 3 billo(t —iT), (2.1)

1=—00

where II7(t) is a unit rectangular pulse of duration 7" and is described as

M (t) = 1, 0<t<T (2.2)
o0, t<ot>T '

The BPSK data is then spread by the PN sequence a(t) given by

o0

a(t)= ) allr(t - jT.), (2.3)

j=—o0

where a; is the jth chip of a discrete periodic PN sequence assigned to the user
and assumed to be an equiprobable independent random variable that can take on
values of a; € {+1,—1}. The PN chip has pulse shape Il (¢) which is limited
in time to [0,7.) where T, < T. The processing gain of a DS/SS system, N, is
defined as the ratio 7'/T.. Although not included in the conceptual DS/SS transmitter
representation, pulse-shaping is normally performed to bandlimit the signal so as to
meet FCC regulations. The PN spread signal is then RF modulated and amplified,

resulting in a transmitted signal s(¢) described as
s(t) = V2Pb(t)a(t)cos(wt), (2.4)
where P is the power of the user’s signal.

While there are many receiver structures for the reception of DS/SS signals, consider
the conceptual representation of a correlation DS/SS receiver in Figure 2.5. This

receiver performs the complementary operations of the DS/SS transmitter in Figure
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Figure 2.4: Direct Sequence Spread Spectrum Transmitter
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Figure 2.5: Direct Sequence Spread Spectrum Receiver

2.4. Assuming an additive white Gaussian noise channel and a finite propagation

delay 7, the received signal is described as
r(t) = s(t — 1) + n(t). (2.5)

The received signal is demodulated to baseband where it is multiplied by a replica of
the user’s PN sequence. The multiplication by the identical PN sequence despreads
the user’s signal to its original narrowband form. The despread signal is then passed
through a matched filter which forms a decision statistic, Z;, for each received bit.

The decision statistic is described by
T+t
Z = / r(t)a(t — 7)cos(wt + 0)dt (2.6)
or
T+t
Z; = / V2Pb;(t — T)a(t — 7)cos(wt + )a(t — 7)cos(wt + 0)dt, (2.7)

where the effect of noise is assumed to be negligible and therefore is not included.
The multiplication of the two PN sequences a(t) - a(t) = 1 and the integration over

one bit results in an estimate lA)z Therefore, the statistic can be written as

Z; = V2Pby(t) /OT cos®(wt)dt, (2.8)



CHAPTER 2. CDMA AND POSITION LOCATION TECHNIQUES 21

where

cos® (wt) = %(1 — cos(2wt)). (2.9)

The %cos(Zwt) term is filtered out, resulting in a decision of the ith bit

Z; = \/gl;i(t). (2.10)

A comparator then estimates the transmitted bit based on this decision statistic. In an
noise-free channel, the resulting received message will be identical to the transmitted

message.

To illustrate the multiple access interference resistance of DS/SS system, consider a

multiuser CDMA system with two user’s. The received signal can be described as
r(t) = s1(t) + s2(t), (2.11)

where it is assumed that s1(¢) is the signal of interest and sy(t) is the interference.
The decision statistic for s;(¢) will then be based on the decorrelation of both signals

by the PN sequence used to generate s1(t) and is described in a simplified form as

Z; = /0 (e (Han (B)dt + /0 i) ar(B)as(t)dt. (2.12)

If the PN sequences of both user’s are truly orthogonal, the multiplication of both

result in a1(t) - az(t) = 0, and the multiple access interference is eliminated.

To illustrate the multipath interference resistance of DS/SS systems, consider a mobile
radio channel which produces a single multipath component. The received signal can
be described as

r(t) =s1(t) +asi(t =T, (2.13)

where a and T are the relative power and delay of the multipath. The decision

statistic can be described in a simplified form as
T T
Z; = / by (t)au (t)a (t)dt + / abi(t — T)ar(H)ar(t — T)dt. (2.14)
0 0

If the PN sequence of the user is truly random and the multipath delay T" > T, the
two sequences, a(t) and a(t —T'), will be uncorrelated and result in a(t)-a(t—T) = 0.
As a result, the interference of the multipath is eliminated. However, if the multipath

lies within the chip interval, T' < T, the decision statistic will be effected.



CHAPTER 2. CDMA AND POSITION LOCATION TECHNIQUES 22

2.2 RF Position Location Systems

2.2.1 Classification of PL Systems

Radio frequency position location systems be can classified into two broad categories:
direction finding (DF) and range-based PL systems. Each of these systems can be
classified as a satellite or terrestrial based system, indicating whether the base station
is located on the surface of the earth or in orbit around the earth. They can also
be classified by their coverage area: world-wide coverage or local area coverage; by
the number of measurements used: multilateration or trilateration; and by the type
of measurement used: phase, time or frequency. An extensive list of PL system
classifications is provided in [Law76]. These DF and range-based PL systems and
techniques can be used individually or in a number of different configurations to

produce a PL solution.

Direction finding systems estimate the position location of a source by measuring the
direction of arrival (DOA), or angle of arrival (AOA), of the source’s signal. The
DOA measurement restricts the location of the source along a line in the estimated
DOA. When multiple DOA measurements from multiple base stations are used in
a triangulation configuration, the location estimate of the source is obtained at the
intersection of these lines. Consequently, direction finding PL systems are also known

as direction of arrival or angle of arrival PL systems.

Range-based PL systems can be categorized as either a ranging, range sum, or range
difference PL system. The type of measurement used in each of these systems defines
a unique geometry, or configuration, of the position location solution. Ranging PL
systems locate the source by measuring the absolute distance between a source and
the receiver. Range measurements are determined by estimating the time-of-arrival
(TOA) of the signal propagating between the source and receiver. The TOA estimate
defines a sphere of constant range around the receiver. The intersection of multiple
spheres produced by multiple range measurements from multiple base stations pro-
vides the position location estimate of the user. Consequently, ranging systems are
also known as TOA or spherical PL systems. Most practical ranging systems are

unable to measure the range between the user and a base station directly, and as a
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result, measurement of the range and a bias term is commonly performed. This bias
term can be calculated using a additional range measurement by an additional base

station. Ranging systems of this type are often called pseudo-range systems [Par96].

Range sum PL systems measure the relative sum of ranges between the source and
receiver respectively. These systems measure the time sum of arrival (TSOA) of the
propagating signal between two base stations to produce a range sum measurement.
The range sum estimate defines a ellipsoid around the receiver, and when multiple
range sum measurements are obtained, the position location estimate of the user is
at the intersection of the ellipsoids. Consequently, range sum PL systems are also

known as TSOA or elliptical PL systems.

Range difference PL systems measure the relative difference in ranges between the
source and receiver respectively. These systems measure the time difference of arrival
(TDOA) of the propagating signal between two base stations to produce a range
difference measurement. The range difference measurement defines a hyperboloid of
constant range difference with the base stations at the foci. When multiple range
difference measurements are obtained, producing multiple hyperboloids, the position
location estimate of the user is at the intersection of the hyperboloids. Consequently,
range difference PL systems are also known as TDOA or hyperbolic PL systems.
Throughout this thesis, systems of this class will be referred to as hyperbolic PL

systems.

Range-based systems can also be classified as either multilateration or trilateration
systems. Multilateration PL systems are those systems which utilize measurements
from four or more base stations to estimate the three dimensional (3-D) location of
the user. In a multilateration ranging PL system, four or more base stations produce
four or more range measurements, and in a multilateration hyperbolic PL system, four
or more base stations produce three or more range difference measurements. Trilat-
eration PL systems are those which utilize measurements from three base stations to
estimate the two dimensional (2-D) location of the user. In a trilateration ranging
PL system, three range measurements are produced from the three base stations,
while in a trilateration hyperbolic PL system, two range difference measurements are
produced from three base stations. The additional measurement by ranging systems

is required to reduce the ambiguities.
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Radio frequency position location systems can be classified according to the type of
measurement the estimate is based on: time, phase or frequency. Obviously, sys-
tems that utilize time or phase information to determine PL are considered time and
phase systems respectively. Position location systems which measure the change in
frequency of a signal transmitted signal are considered Doppler systems. When ei-
ther the source or receiver is moving, the transmitted signal is subjected to a shift in
frequency due to the Doppler effect. This change in frequency is proportional to the
relative direction of movement and velocity of movement. By measuring the change
in frequency, the rate of change between the user and base station can be determined.
If the trajectory of the base station is known then the user’s location can be uniquely
determined from the Doppler frequency changes. Doppler systems generally require
the velocity of either the receiver station or user to be high enough to generate an
easily resolvable Doppler shift. Consequently, systems of this type are generally ap-
plicable to non-geosynchronous satellite based PL systems or PL estimation of high

velocity vehicles.

2.2.2 Direction Finding PL Systems

Direction finding (DF) systems utilize multi-array antenna and direction of arrival
(DOA) techniques to estimate the direction of the signal of interest. The DOA mea-
surement restricts the source location along a line in the estimated DOA. When
multiple DOA measurements from multiple base stations are used in a triangulation
configuration, the location estimate of the source is obtained at the intersection of
these lines. Figure 2.6 illustrates the two dimensional (2-D) PL solution of DF sys-
tems. While only two DOA estimates are required to estimate the PL of a source,

multiple DOA estimates are commonly used to improve the estimation accuracy.

Direction of arrival estimation is performed by signal parameter estimation algorithms
which exploit the phase differences, or other signal characteristics, between closely
spaced antenna elements of an antenna array and employ phase-alignment methods
for beam /null steering. The spacing of antenna elements within the antenna array is
typically less than 1/2 wavelength of all received signals. This alignment is required

to produce phase differences on the order of 7 radians or less to avoid ambiguities
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Figure 2.6: 2-D Direction Finding Position Location Solution

in the DOA estimate. The resolution of DOA estimators improves as the baseline
distances between antenna elements increases. However, this improvement is at the
expense of ambiguities. As a result, DOA estimation methods are often used with
short baselines to reduce or eliminate the ambiguities and long baselines to improve

resolution.

Although, direction finding methods can provide accurate DOA estimation given the
appropriate conditions, they do suffer from elements encountered within the mobile
radio channel. First, DOA estimation techniques estimate the direction of a source
based on the strongest received signal, which is assumed to be the line-of-sight (LOS)
signal. However, in shadowed environments such as encountered in urban areas, the
true LOS signal path may be obstructed by the surrounding environment and only
multipath components of the signal may exist. In this case, the DOA estimate will be
the direction of the strongest multipath component, which leads to errors in the DOA
estimate. Depending on the transmitter-receiver distance, these errors in the DOA
estimate can lead to dramatic errors in the PL estimate. Even if the LOS signal is
available, multipath has been shown to severely degrade the accuracy of DF methods.
While angular accuracy’s of several degrees are possible with these techniques, this
generally does not provide an acceptable position location accuracy when using the

triangulation configuration solution.
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2.2.3 Ranging PL Systems

Ranging PL systems measure the absolute distance between a source and a set of base
stations through the use of time-of-arrival (TOA) measurements. The TOA measure-
ments are related to range estimates that define a sphere around the receiver. When
measurements are made from receivers with known locations, the spheres described
by the range measurements intersect at a unique point indicating the position location
estimate of the source. Figure 2.7 illustrates the three dimensional (3-D) solution of
the ranging PL system. If the spheres described by the range measurements inter-
sect at more than one point, an ambiguous solution to the position location estimate
results. Redundant range measurements, resulting in a multilateration ranging PL

estimation, are commonly made to reduce or eliminate PL ambiguities.

To illustrate the ranging PL concept, consider a 3-D ranging PL system using /N base
stations. The time of arrival of a signal at each receiver is estimated and related to

the range measurement by the relationship
R; = cd;, (2.15)

where is the range measurement, ¢ is the signal propagation speed and d; is the
TOA estimate at the ith receiver. The mathematical relationships between range
measurements at [V base stations, the coordinates of the known base station locations,

and the coordinates of the source are

R; = \/(Xz -2+ (Yi—y)?+(Zi—2)? fori=1,2,3,..N, (2.16)

where (X;,Y;, Z;) are the coordinates of the ith base station, R; is the ith range
estimate to the source and (x,y, z) is the location of the user. Equation 2.16 defines
a N x 3 set of nonlinear equations whose solution is the location coordinates of the
source. If the number of unknowns, or coordinates of the source to be solved, is
equal the number of range measurements, the set of equations are consistent and
a unique solution exists. However, if redundant measurements produce more range
measurements than the number of unknowns, then the system is inconsistent and a
unique solution may or may not exist. This generally requires an error criterion to
be selected and iterative techniques to be employed to produce a solution. A least
squares (LS) fit is commonly used to simultaneously solve these equations for both

the position location and error coefficients.
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Figure 2.7: 3-D Ranging Position Location Solution

Accurate time or phase measurements in ranging PL systems requires strict clock
synchronization between the source and base stations. This is accomplished through
the use of stable clocks, such as the rubidium or cesium standard clocks used in GPS
satellites, at both the source and base station. As such, ranging PL system may
require additonal hardware implmentation in a mobile unit, resulting in additional

power, size and weight requirements.

A disadvantage of the ranging PL technique is that accuracy is very dependent on
system geometry. Highest accuracies are attained when all ranging spheres intersect
at 90 degrees. Degradation in performance is experienced as the intersections devi-
ate from this angle. For systems with fixed receivers and moving sources, such as
cellular and PCS systems, the optimum situation will rarely be attained. Another
disadvantage of this PL technique is that the errors in the TOA estimate common to

all receivers are not treated before the position location estimate.
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Figure 2.8: 2-D Elliptical Position Location Solution

2.2.4 Elliptical PL Systems

Elliptical PL systems locate a source by the intersection of ellipsoids describing the
range sum measurements between multiple receivers. Figure 2.8 illustrates the 2-D
solution of an elliptical location system. The range sum is determined from the sum
of signal TOA’s at multiple receivers. The relationship between range sum, R; ;, and

the TOA between receivers is given by
Ri’j =C di’j = Rz + Rj (217)

where c is the signal propagation speed and d; ; is the sum of TOA at receiver ¢ and
j. The range sum measurement restricts the possible source locations to a ellipsoid.

The ellipsoids that describe the range sum between receivers is given by

Rij=/(Xi —2)? + (Yi— )2 + (X, — 2)2 + (Y; —9)%, (2.18)

where (X;,Y;, Z;) and (X}, Y], Z;) define the location of receiver i and j, and (z,y, 2)
is the position location estimate of the source. A source location can be uniquely
determined by the intersection of three or more ellipsoids. Redundant range sum
measurements can be made to improve the accuracy and resolve location solution
ambiguities. This method offers the advantage of not requiring high precision clocks
at the mobile. While there exist some systems that use this method, it appears that

it offers no performance advantage over the spherical or hyperbolic configurations.
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2.2.5 Hyperbolic PL Systems

Hyperbolic position location systems estimate the location of a source by the intersec-
tion of hyperboloids describing range difference measurements between three or more
base stations. The range difference between two receivers is determined by measuring
the difference in time of arrival of a signal between them. The relationship between

range difference and the TDOA between receivers is given by
Ri’j =C di’j = Rz — Rj, (219)

where ¢ is the signal propagation speed and d,; is the TDOA between receiver ¢
and j. The TDOA estimate, in the absence of noise and interference, restricts the
possible source locations to a hyperboloid of revolution with the receiver as the foci.
Figure 2.9 illustrates a 2-D hyperbolic position location solution. In a 3-D system,

the hyperboloids that describe the range difference, R; ;, between receivers are given
by

Rij = J(Xi—2)2+ (Yi—y)?2 + (Z — 2)2 (2.20)
—\/(Xj —z)*+ (Y; —y)* + (4 — 2)%

where (X;,Y;, Z;) and (X;,Y}, Z;) define the location of receiver i and j respectively,
R, ; is the range difference measurement between base station i and j, and (z,y, 2)
are the unknown coordinates of the source. If the number of unknowns, or coordi-
nates of the source to be determined, is equal to the number of equations, or range
difference measurements, then the system is consistent and a unique solution exist.
However, if redundant range difference measurements are made, then the system may
be inconsistent and a unique solution may or may not exist. In this situation, some
error criteria must be selected for determining the optimum solution to the system of

equations.

If the source and receivers are coplanar, two dimensional (2-D) source location can
be estimated from the intersection of two or more hyperboloids produced from three
or more TDOA measurements, resulting in a hyperbolic trilateration solution. Three
dimensional (3-D) source location estimation is produced by the intersection of three
or more independently generated hyperboloids generated from four or more TDOA

measurements, resulting in a hyperbolic multilateration solution.
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Source

Figure 2.9: 2-D Hyperbolic Position Location Solution

If the hyperbola determined from multiple receivers intersects at more than one point,
then ambiguity in the estimated position exists. This location ambiguity may be re-
solved by using a priori information about the source location, bearing measurements
at one or more of the stations, or redundant range difference measurements at addi-

tional base station to generate additional hyperbolas.

A major advantage of this TDOA method is that it does not require knowledge
of the transmit time from the source, as do TOA methods. Consequently, strict
clock synchronization between the source and receiver is not required. As a result,
hyperbolic position location techniques do not require additional hardware or software
implementation within the mobile unit. However, clock synchronization is required
of all receivers used for the PL estimate. Furthermore, unlike TOA methods, the
hyperbolic position location method is able to reduce or eliminate common errors

experienced at all receivers due to the channel.
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2.3 Hyperbolic versus DF PL Systems

The two most commonly used PL techniques are direction finding (DF) and hyperbolic
methods. While DF systems exploit the relative phase differences between closely
spaced antenna elements and employ phase-alignment methods for beam /null steering
to estimate the direction of arrival (DOA) of the signal of interest, hyperbolic methods

exploit the relative time differences of a signal arriving at different receivers.

The requirements on accuracy and spatial resolution capabilities of array-based DF
methods become more stringent as the distance between the sources and the receiving
platform increases, since this decreases the differences between DOA’s of the sources
at the platform. In contrast, the requirements for accuracy and temporal resolution
capabilities of time difference of arrival (TDOA) based methods become less stringent
as the relative distance between base stations and the source increases, since this
increases the TDOA between them.

The need for high resolution arises primarily when closely spaced sources give rise to
multiple received signals that cannot be separated by preprocessing methods before
the PL estimate is made. For instance, when cross correlating TDOA’s of multi-
ple signals that are not separated by more than the widths of their cross-correlation
peaks, the peak cross correlation of the signal of interest usually cannot be resolved
with conventional TDOA-based methods. To minimize this problem, the distance be-
tween platforms is typically made as large as possible to minimize overlap of adjacent
peaks. This presents a fundamental resolution-limit problem for TDOA estimation
of two closely spaced sources. The best performing array-based DF methods attempt
to resolve the resolution problem in locating multiple signal sources by simultane-
ously estimating multiple DOA’s rather than estimating the DOA of each signal as

is commonly done by conventional beamformers and TDOA-based techniques.

Although DF techniques offer greater spatial resolution and the ability to simultane-
ously locate a number of signals, their complexity is typically much higher than that
of TDOA techniques. They tend to be more complex because of the need for mea-
surement, storage and usage of large amounts of array calibration data, with some
exceptions such as the ESPRIT algorithm [Roy89], and because of the computation-
ally intensive algorithms [Zis88]. The tradeoff between these systems is the highly
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complexity high-resolution array-based DF methods and the simplicity of TDOA-

based methods that require widely separated base stations.

2.4 GPS versus Terrestrial Position Location

The most widely known position location system is the Global Positioning System
(GPS). The GPS is a satellite-based psuedo-ranging position location system that
provides geolocation of user’s with GPS receivers. The GPS is a proven technology
that has found widespread use in military and navigation applications. It can report-
edly provide position location accuracy’s of less than 10 meters to military user’s and
100 meters to commercial user’s. A differential GPS (DGPS) has been developed that
can improve the PL accuracy of the commercial operation. Although GPS has found
wide acceptance in these application, the use of GPS for the geolocation of mobile

user’s within cellular and PCS system is limited.

First, while GPS provides accurate PL information for users within open and unob-
structed areas, it has limited operation within urban and shadowed environments.
The GPS requires at least three satellites to be in communication with the GPS
receiver to provide 2-D position location for the user. Satellite blockage due to man-
made or natural structures within urban and shadowed environments can render GPS
inoperable. If universal position location coverage is to be provided, a position loca-
tion system will have to be able to geolocate user’s within these areas. Consequently,
the existing terrestrial cellular infrastructure, which was designed to provide coverage

of these regions, is ideal for the geolocation for mobile user.

Most importantly, use of GPS for the geolocation of mobile user’s would require a
mobile user to have a GPS receiver. At the present time, GPS receivers are not cheap
enough or small enough to be incorporated into a mobile phone. Even if they were,
mobile phone manufacturers may hesitate to include GPS receivers because of the
added weight, size, power consumption and cost. Furthermore, use of GPS would
require the retrofitting of the millions of existing cellular/PCS mobile phones. This
is not a feasible alternative. A GPS receiver can be bought as a separate unit and

interfaced with a mobile phone, however, this would add additional cost to the user.
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2.5 Chapter Summary

Code division multiple access systems offer many advantages over existing cellu-
lar/PCS air interfaces. Multipath and multiple access interference rejection, nar-
rowband interference suppression and capacity improvements offered by the CDMA
air interface make it a favorable choice for cellular and PCS systems. However, posi-
tion location of a mobile user within a CDMA system poses some unique challenges.
Although the PN sequence used in CDMA systems, similar to that used in GPS, does
offer the ability to provide high resolution position location estimation, multipath and
shadowing experienced in mobile radio environments, the power control operation re-
quired of CDMA systems and the base station configuration present limitations to

the effectiveness of position location systems.

Direction finding and range-based RF PL systems have been the most widely used po-
sition location techniques. Each method offers unique advantages and disadvantages
to the geolocation of mobile user’s. Direction finding systems can provide accurate
PL estimation, however, they are usually very complex and are susceptible to mul-
tipath environments. Ranging PL systems require additional hardware or software
within the mobile phone, and encounter ambiguity problems. Elliptical PL systems
do not offer any advantage over ranging or hyperbolic PL systems. The hyperbolic
PL technique has been the most widely used method for the geolocation of mobile
user’s. Hyperbolic PL systems do not require implementation within the mobile
phone, are able to provide unambiguous PL solutions and can reduce the effect of
errors introduced by noise that is common to all receivers. While each systems offers
advantages and disadvantages, hyperbolic position location systems are more effective

in combating the elements associated with mobile radio channels.

The Global Positioning System is an effective position location system. However, be-
cause GPS receivers are required in order to make use of GPS services, its use for the
PL of mobile user’s does not appear to be a feasible alternative at this time. Further-
more, coverage within urban and shadowed is limited because of satellite blockage.
Consequently, a terrestrial PL system which utilizes the existing cellular/PCS infras-
tructure offers the advantages or not requiring a GPS receiver within the mobile unit

and providing coverage where the satellite-based GPS system cannot.



Chapter 3

Hyperbolic Position Location

Systems

3.1 Introduction

This chapter introduces the general models for the position location problem and the
techniques involved in the hyperbolic position location method. Hyperbolic position
location (PL) estimation is accomplished in two stages. The first stage involves
estimation of the time difference of arrival (TDOA) between receivers through the use
of time delay estimation techniques. The estimated TDOA’s are then transformed into
range difference measurements between base stations, resulting in a set of nonlinear
hyperbolic range difference equations. The second stage utilizes efficient algorithms
to produce an unambiguous solution to these nonlinear hyperbolic equations. The
solution produced by these algorithms result in the estimated position location of
the source. The following sections introduce the techniques and algorithms used to

perform hyperbolic position location of a mobile user.

34
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3.2 TDOA Estimation Techniques

The time difference of arrival (TDOA) of a signal can be estimated by two general
methods: subtracting TOA measurements from two base stations to produce a relative
TDOA, or through the use of cross-correlation techniques, in which the received signal
at one base station is correlated with the received signal at another base station. The
former method requires knowledge of the transmit timing, and thus, strict clock
synchronization between the base stations and source. To eliminate the need for
knowledge of the source transmit timing, differencing of arrival times at the receiversis
commonly employed. Differencing the observed time of arrival eliminates some of the
errors in TOA estimates common to all receivers and reduces other errors because of
spatial and temporal coherence. While determining the TDOA from TOA estimates is
a feasible method, cross-correlation techniques dominate the field of TDOA estimation
techniques. As such, the discussion of TDOA estimation is limited to cross-correlation
estimation techniques. In the following section, a general model for TDOA estimation

is developed and the techniques for TDOA estimation are presented.

3.2.1 General Model for TDOA Estimation

For a signal, s(t), radiating from a remote source through a channel with interference
and noise, the general model for the time-delay estimation between received signals

at two base stations, x1(t) and x»(t), is given by
l’l(t) = Als(t — dl) + nl(t) (31)
l’g(t) = Ags(t — dg) + ng(t),
where A; and A, are the amplitude scaling of the signal, n,(t) and ng(t) consist of
noise and interfering signals and d; and dy are the signal delay times, or arrival times.
This model assumes that s(t) , n1(t) and na(t) are real and jointly stationary, zero-
mean (time average) random processes and that s(t) is uncorrelated with noise n4(¢)
and na(t). Referring the delay time and scaling amplitudes to the receiver with the
shortest time of arrival, assuming d; < ds, the model of (3.1) can be rewritten as
x1(t) = s(t) + ni(t) (3.2)
x2(t) = As(t— D)+ na(t),
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where A is the amplitude ratio and D = dy — dy. It is desired to estimate D, the
time difference of arrival (TDOA) of s(t) between the two receivers. It may also be
desirable to estimate the scaling amplitude A. By estimating the amplitude scaling,
selection of the appropriate receivers can be made. It follows that the limit cyclic

cross-correlation and autocorrelations are given by

Ry . (1) = AR{(T — D)eImP 4 Ry, (T) (3.3)
R (1) = RJ(7)+ R; (7) (3.4)
Ry, (1) = |APRg(m)e ™ + R} (1), (3.5)

where the parameter « is called the cycle frequency [Gar92al. If a = 0, the above

equations are the conventional limit cross-correlation and autocorrelations.

If s(t) exhibits a cycle frequency « not shared by ni(t) and ns(t), then by using
this values of a in the measurements in (3.3)-(3.5), we obtain through infinite time
averaging

Ry (1) =R, (1) =R}, (1) =0 (3.6)

nani

and the general model for time delay estimation between base stations is

R . (t) = ARX(t— D)e/™P (3.7)
Ry (1) = R(7) (3.8)
RS, (1) = |APR(r)e 7P, (3.9)

Accurate TDOA estimation requires the use of time delay estimation techniques that
provide resistance to noise and interference and the ability to resolve multipath sig-
nal components. Many techniques have been developed that estimate TDOA D
with varying degrees of accuracy and robustness. These include the generalized
cross-correlation (GCC) and cyclostationarity-exploiting cross-correlation methods.
Cyclostationarity-exploiting methods include the Cyclic Cross-Correlation (CYC-
COR), the Spectral-Coherence Alignment (SPECCOA) method, the Band-Limited
Spectral Correlation Ratio (BL-SPECCORR) method and the Cyclic Prony method
[Gar94]. While signal selective cyclostationarity-exploiting methods have been shown
in [Gar94] and [Gar92b] to outperform GCC methods in the presence of noise and in-
terference, they do so only when spectrally overlapping noise and interference exhibit

a cycle frequency different than the signal of interest. When spectrally overlapping
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signals exhibit the same cycle frequency, as is encountered in multiuser CDMA sys-
tems, these methods do not offer an advantage over GCC methods. As such, only

generalized cross-correlation methods for TDOA estimation are presented.

3.2.2 Generalized Cross-Correlation Methods

Conventional correlation techniques that have been used to solve the problem of
TDOA estimation are referred to as generalized cross-correlation (GCC) methods.
These methods have been explored in [Gar92al, [Gar92b], [Kna76], [Car87], [Rot71],
[Hah73] and [Hah75]. These GCC methods cross-correlate prefiltered versions of the
received signals at two receiving stations, then estimate the TDOA D between the
two stations as the location of the peak of the cross-correlation estimate. Prefiltering
is intended to accentuate frequencies for which high signal-to-noise (SNR) is highest

and attenuate the noise power before the signal is passed to the correlator.

Generalized cross-correlation methods for TDOA estimation are based on (3.7) with
a = 0 [Gar92a]. Thus (3.7) is rewritten as

R} (1) = AR)(r — D). (3.10)

T2T1

The argument 7 that maximizes (3.10) provides an estimate of the TDOA D. Equiv-
alently, (3.10) can be written as

Rpper () = RO, (1) = / Z or(B)as(t — 7)dt. (3.11)
However, R,,.,(7) can only be estimated from a finite observation time. Thus, an
estimate of the cross-correlation is given by
) 1 T
By (7) = 7 [ a1(Daalt = 1)t (3.12)
where T represents the observation interval. Equation (3.12) is based on the use of
an analog correlator. An integrate and dump correlation receiver of this form is one
realization of a matched filter receiver [Zie85]. The correlation process can also be
implemented digitally if sufficient sampling of the waveform is used. The output of a
discrete correlation process using digital samples of the signal is given by
) 1 N-lml-1

Ry (m) = N > zi(n)za(n +m)dt. (3.13)

n=0
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Figure 3.1: Generalized Cross-Correlation Method for TDOA Estimation

The cross-power spectral density function, Gu,., (f), related to the cross-correlation
of z1(t) and zo(t) in (3.12) is given by

Ruye, (1) = /_ Z Gy ()™ df (3.14)

or

Gzzm (f) = /_O:O Rzzm (T)e_ijTdt' (315)

As before, because only a finite observation time of z1(¢) and z(t) is possible, only
an estimate Ga,z, (f) of Gaye, (f) can be obtained.

In order to improve the accuracy of the delay estimate, filtering of the two signals is
performed before integrating in (3.12). As shown in Figure 3.1, each signal z1(¢) and
xo(t) is filtered through Hy(f) and Ha(f), then correlated, integrated and squared.
This is performed for a range of time shifts, 7, until a peak correlation is obtained.
The time delay causing the cross-correlation peak is an estimate of the TDOA D.
If the correlator is to provide an unbiased estimate of TDOA D, the filters must
exhibit the same phase characteristics and hence are usually taken to be identical
filters [Hah73].

When x;(t) and z5(t) are filtered, the cross-power spectrum between the filtered
outputs is given by

Gy2y1(f) = Hl(f)H;(f)Gzzm(f)? (316)

where * denotes the complex conjugate. Therefore, the generalized cross-correlation,

specified by superscript G, between z1(t) and z5(t) is

RS (1) = [ 06N Gan (N7 df, (3.17)

o>
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where
Ue(f) = Hi(f)H;(f) (3.18)

and denotes the general frequency weighting, or filter function. Because only an

estimate of RS (7) can be obtained, (3.17) is rewritten as

S (1) = [ Balf)Gaum (N7 df, (3.19)

which is used to estimate the TDOA D. The GCC methods use filter functions V¢ ( f)

to minimize the effect of noise and interference.

The choice of the frequency function, Ug(f), is very important, especially when the
signal has multiple delays resulting from a multipath environment. Consider the
optimal case in which n;(¢) and ny(t) are uncorrelated and only one signal delay is

present. The cross-correlation of z1(¢) and z3(t) in (3.10) can be rewritten as

RY . (1) = AR)(7) ® 6(t — D), (3.20)

oLy

where ® denotes a convolution operation. Equation (3.20) can be interpreted as the
spreading of a delta function at D by the inverse Fourier transform of the signal spec-
trum. When the signal experiences multiple delays due to a multipath environment,

the cross-correlation can be represented as
Ripe, (0) = RY(1) @ Y Aib(t — Dy). (3.21)

If the delays of the signal are not sufficiently separated, the spreading of the one delta
function will overlap another, thereby making the estimation of the peak and TDOA
difficult if not impossible. The frequency function ¥¢(f) can be chosen to ensure a
large peak in the cross-correlation x;(t) and x(t), resulting in a narrower spectra and
better TDOA resolution. However, in doing so, the peaks are more sensitive to errors
introduced by the finite observation time, especially in cases of low signal to noise
ratio (SNR). Thus the choice of ¥(f) is a compromise between good resolution and
stability [Kna76].

Several frequency functions, or processors, have been proposed to facilitate the esti-
mate of D. When the filters Hi(f) = Ha(f) = 1, V(f), then Y(f) = 1, and the
estimate G is simply the delay abscissa at which the cross-correlation peaks. This is

considered cross-correlation processing. Other processors include the Roth Impulse
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Table 3.1: GCC Frequency Functions

Processor Name Frequency Function Uq(f)
Cross-correlation 1
Roth Impulse Response 1/Gaya (f) or 1/Gayan(f)
Smoothed Coherence Transform 1/\/Gzlzl(f)Gzzzz(f)
Eckart G151 (f)/[Griny () Grana (f)]
: - Yaqzo ()2
Hannon-Thomson or Maximum Likelihood | G$1$2 (| f)|1[12—(|73c|1x2( f)|2]

Response processor [Rot71], the Smoothed Coherence Transform (SCOT) [Car73], the
Eckart filter [Kna76],[Hah73], and the Hannan-Thomson (HT) processor or Maximum
Likelihood (ML) estimator [Han73]. A list of GCC frequency functions is provided in
Table 3.1

The Roth Impulse Response processor has the desirable effect of suppressing the
frequency regions in which power spectral noise density, G, n, (f) or Gpyn, (f) , is large
and the estimate of the cross power spectral signal density, ézlzz( f) , is likely to be
in error. However, the Roth processor does not minimize the spreading effect of the
delta function whenever the power spectral noise density is not equal to some constant
times the power spectral density of the signal, G s, (f) [Kna76]. Furthermore, one is
uncertain as to whether the errors in G’zlzz( f) are due to frequency bands in which

Gryny (f) or Ghnyn, (f) large.

The uncertainty with the Roth processor led to the development of the proposed
Smoothed Coherence Transform (SCOT). The SCOT processor suppresses frequency
bands of high noise and assigns zero weight to bands where Gy, 5, (f) = 0. The SCOT

frequency function is given as

Us(f) = 1/1/Garor (f) Gz (f)- (3.22)

This results in the cross-correlation

Ry (7) = /_O:O Foraa (Fle™Tdf, (3.23)
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where

)= SAE) (3.24)

'szz =
\/Gz1z1 Gayer(f)

is the coherence estimate [Kna76]. The SCOT processor assigns weighting according

to signal-to-noise (SNR) characteristics. In terms of the noise characteristics, [Hah73]
realizes the SCOT as
ws(f)2 = 1/N. (3.25)

The SCOT frequency function, for which Hi(f) = 1/4/Gaa(f) and Hy(f) =
1/4/ Gz, (f), can be interpreted as a prewhltenmg process. If Gzlzl(f) = Gzzzz(f),
then the SCOT filter is equivalent to the Roth filter. Consequently, the SCOT still

produces the same broadening as the Roth function [Kna76.

The Eckart processor, similarly to the SCOT processor, suppresses frequency bands
of high noise and assigns zero weight to bands where G5, (f) = 0 . The Eckart
frequency function maximizes the ratio of the change in mean correlator output to
the standard deviation of the correlator output due to the noise alone [Kna76]. For
the model given by (3.2) and ny(t) and n2(t) having the same spectra, the Eckart

frequency function in terms of the SNR characteristics is given by [Hah73] as
[Tr(f)* = S/N* (3.26)

In practice, the Eckart filter requires knowledge of the signal and noise spectra
[Kna76].

The previously described frequency functions have been shown to be suboptimal by
[Hah73]. The HT processor, which is equivalent to a ML estimator, has been shown
to be the optimal processor by [Hah73] and [Kna76]. The HT frequency function is
given by
[Nz ()
Var(f) = ,
|GI112( )Hl - |%61962(f)|2]

is the magnitude-squared coherence [Car81]. For the model in (3.2)

(3.27)
where |z, ()|
and nq(t) and ny(t) having the same spectra, the HT frequency function in terms of

the SNR characteristics is given as

S/N?

Uur(f)? = T4 2(5/N)

(3.28)
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For low SNR, it has been shown in [Kna76] that the Eckart function is equivalent to
the HT frequency function.

These GCC TDOA estimation methods have been shown to effective in reducing
the effects of noise and interference [Gar92b]. However, if the noise and interference
ni(t) and no(t) in (3.2) are both temporally and spectrally coincident with s(t),
there is little that GCC methods can do to reduce the undesirable effects of this
interference. In this situation, generalized cross-correlation methods encounter two
problems. First, GCC methods experience a resolution problem. These GCC methods
require the differences in the TDOAs for each signal to be greater than the widths
of the cross-correlation functions so that the peaks can be resolved. Consequently, if
the TDOASs are not sufficiently separated, the overlapping of cross correlations can
introduce significant errors in the TDOA estimate. Second, if s(t), ni(t) and no(t)
are resolvable, conventional GCC methods must still identify which of the multiple
peaks is due to the signal of interest and interference. These problems arise because
GCC methods are not signal selective and produce TDOA peaks for all signals in the

received data unless they are spectrally disjoint and can be filtered out [Gar94].

3.2.3 Measures of TDOA Estimation Accuracy

The Cramér-Rao Lower Bound (CRLB) on the variance of an unbiased estimator is
the standard benchmark against which conventional TDOA estimation methods are
evaluated. The derivation of the CRLB is given in [Kna76]. The CRLB typically
used is for evaluating stationary Gaussian signals in stationary (Gaussian noise envi-
ronments [Gar92b]. However, the BPSK PN signaling used in CDMA systems exhibit
fundamental periodocities in the chip period, data period and PN code repetition pe-
riod. The signal is therefore nonstationary (cyclostationary) and thus cannot be
appropriately evaluated by the typical CRLB. Although the CRLB for nonstationary

signals exist, it is very difficult to evaluate.
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3.3 Hyperbolic Position Location Estimation

Accurate position location (PL) estimation of a source requires an efficient hyper-
bolic position location estimation algorithm. Once the TDOA information has been
acquired, the hyperbolic PL algorithm will be responsible for producing an accurate
and unambiguous solution to the position location problem. Many processing algo-
rithms, with different complexity and restrictions, have been proposed for position

location estimation based on TDOA estimates.

When base stations are placed in a linear fashion relative to the source, the estimation
of the PL is simplified. Carter’s beamforming method provides an exact solution for
the source range and bearing [Car81]. However, it requires am extensive search over a
set of possible source locations, which can become computationally intensive. Hahn’s
method estimates the source range and bearing from the weighted sum of ranges and
bearings obtained from the TDOA'’s of every possible combination. This method is
very sensitive to the choice of weights, which can be very complicated in obtaining,
and is only valid for distant sources [Hah73]-[Hah75]. Abel and Smith provide an
explicit solution that can achieve the Cramér-Rao Lower Bound (CRLB) in the small

error region [Abe89).

When the base stations are placed arbitrarily relative to the source, which is typical
scenario of a mobile unit within the infrastructure of a cellular/PCS system, the
position fix becomes more complex. In this situation, the position location of a
source is determined from the intersection of hyperbolic curves produced from the
TDOA estimates. The set of equations that describe these hyperbolic curves are non-
linear and are not easily solved. If the set of nonlinear hyperbolic equations equals
the number of unknown coordinates of the source, then the system is consistent and
a unique solution can be determined from iterative techniques. For an inconsistent
system, in which redundant range difference measurements are made, the problem
of solving for the position location of the source becomes more difficult because no

unique solution exists.

While direct nonlinear solutions to the inconsistent system can provide accurate re-

sults, they tend to be very computationally intensive. Consequently, linearization of
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these equations is commonly used to simplify the computation of the position loca-
tion solution. One method of linearizing the equations is by Taylor-series expansion
and retaining the first two terms. Other methods have also been used. For most
situations, linearization of the nonlinear equations of ranging PL system does not
introduce undue errors in the position location estimate. However, linearization can
introduce significant errors when determining a PL solution in bad geometric dilution
of precision (GDOP) situations. It has been shown by Bancroft [Ban85] that elim-
inating the second order terms can lead to significant errors in this situation. The
effect of linearization of hyperbolic equations on the position location solution is also
explored by Nicholson in [Nic73] and [Nic76].

For an inconsistent system of equations, some error criteria must be determined for
selecting an optimum solution. Classical techniques for solving these equations in-
clude the Least Squares (LS) and Weighted Least Squares (WLS) methods. These
techniques can achieve the Maximum Likelihood (ML) estimate which maximizes the
probability that a particular position estimate is the true position location. If the
range difference errors are uncorrelated and Gaussian distributed with zero mean
and equal variances then the LS solution provides the ML estimate [Sta94]. If the
variances are unequal then the WLS solution is the ML estimate. The WLS utilizes
weighting coefficients inversely proportional to the variances of the range difference
estimates. However, a problem exists because the variances are either not known a

priori or difficult to estimate.

For arbitrarily placed base stations and a consistent system of equations, Fang pro-
vides an exact solution to the nonlinear equations [Fan90]. For arbitrarily distributed
base stations and redundant TDOA estimates, the spherical-intersection (SX) [Sch87],
spherical-interpolation (SI) [Fri87], [Smi87a], [Smi&7b|, [Abe87], Divide and Conquer
(DAC) [Abe90], Chan’s method [Cha94] and the Taylor Series [Foy76], [Tor84] meth-
ods can be used. The Taylor Series estimation method provides a more accurate
solution, even at reasonable TDOA noise levels, than the other methods but is also
more computationally intensive. Consequently, a tradeoff between position location

accuracy and computational requirements exists.
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3.3.1 General Model for Hyperbolic PL Estimation

A general model for the two dimensional (2-D) PL estimation of a source using M base
stations is developed. Referring all TDOA’s to the first base station, which is assumed
to be the base station controlling the call and first to receive the transmitted signal,
let the index ¢ = 2,..., M, unless otherwise specified, (z,y) be the source location
and (X;,Y;) be the known location of the ith receiver. The squared range distance

between the source and the ith receiver is given as

Ri = (Xi—a)?+ (Y —y)? (3.29)
= X2+ Y2 2Xix — 2Yiy + a2 + 42

The range difference between base stations with respect to the first arriving base

station is

Ry = cdixn=Ri— R (3.30)
= V(X (Vg = (X -+ ()

where c is the signal propagation speed, R;; is the range difference distance between
the first base station and the ith base station, R, is the distance between the first
base station and the source, and d;; is the estimated TDOA between the first base
station and ¢th base station. This defines the set of nonlinear hyperbolic equations

whose solution gives the 2-D coordinates of the source.

Solving the nonlinear equations of (3.30) is difficult. Consequently, linearizing this
set of equations is commonly performed. One way of linearizing these equations
is through the use of Taylor-series expansion and retaining the first two terms
[Foy76] [Tor84]. An commonly used alternative method to the Taylor-series expan-
sion method, presented in [Fri87], [Sch87], [Smi87a] and [Abe&7], is to first transform
the set of nonlinear equations in (3.30) into another set of equations. Rearranging
the form of (3.30) into

R} = (Ri1 + R, (3.31)

equation (3.29) now can be rewritten as

Ril + 2R Ry + R? = Xi2 + Yf —2X,x —2Yy + 2+ y2, (3.32)
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Subtracting (3.29) at i = 1 from (3.32) results in
R}, 4+ 2R Ry = X7 + Y7 —2X; 10 — 2Yiqy + 2° + o7, (3.33)

where X;; and Y; ; are equal to X;—X; and Y;—Y] respectively. The set of equations in
(3.33) are now linear with the source location (x,y) and the range of the first receiver

to the source R; as the unknowns, and are more easily handled.

3.3.2 Hyperbolic Position Location Algorithms

For arbitrarily placed base stations and a consistent system of equations in which
the number of equations equals the number of unknown source coordinates to be
solved, Fang [Fan90] provides an exact solution to the equations of (3.33). For a 2-D
hyperbolic PL system using three base stations to estimate the source location (x,y),
Fang establishes a coordinate system so that the first base station (BS) is located at
(0,0), the second BS at (z2,0) and the third BS at (x3,ys). Realizing that for the
first BS, where i = 1, X; = Y; = 0, and for the second BS, where i =2, Y5 =0, the

following relationships are simplified

R = (X1 =2+ (M —y) = /2> + ¢
Xip = Xi—X1=X;
Yo = Yi—Yi=Y.

Using these relationships, the equation of (3.33) can be rewritten as

2R271R1 = R;l — Xz2 + 2Xi711’ (334)
2R3 Ry = Rj,— (X5 +Y9)+2X5.5 + 2Y3,y.

Equating the two equations (3.34) and simplifying results in
y=gxx+h, (3.35)
where

g = {R31—(X2/Ra1) — X3}/Y3
= {X3+Y7 — R, + Rs1x Rya(1 — (Xa/Ra1)%)}/2Ys.
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Substituting equation (3.35) into the first equation in (3.34) results in

dxx® +exxz+ f=0, (3.36)
where
d = —{(1—(Xs/Rs)*) + g}
e = Xg * {(1 — (XQ/R271)2)} — 2g * h
fro= —(R5,/4) +{(1 = (X2/R21)*)}* — h*.

Fang’s method provides an exact solution, however, his solution does not make use
of redundant measurements made at additional receivers to improve position loca-
tion accuracy. Furthermore, his method experiences an ambiguity problem due to
the inherent squaring operation. These ambiguities can be resolved using a priori

information or through use of symmetry properties.

To obtain a precise position estimate at reasonable noise levels, the Taylor-series
method [Foy76], [Tor84] can be employed. The Taylor-series method linearizes the
set of equations in (3.30) by Taylor-series expansion then uses an iterative method
to solve the system of linear equations. The iterative method begins with an initial
guess and improves the estimate at each iteration by determining the local linear
least-square (LS) solution. With a set of TDOA estimates, the method starts with an

initial guess (¢, o) and computes the deviations of the position location estimation

liﬂ = (GTQ'G,)"'GTQ 'h,, (3.37)
where ) ;
Ry1 — (Ry — Ry)
b — Rs31— (Rs — Ry)
I Ry — (RM —Ry) ]
(X —2)/R) — (X2 —2)/Re]  [(Yi—9)/Ra) — [(Ya—y)/Ra) |
G, — (X1 —2)/Ri] = [(Xz —2)/Rs]  [(Yi—y)/Ri] — [(Ys —v)/ R3]

(X1 —2)/Ri] = [(Xm — 2)/Ru] (Y1 —y)/Ra] = [(Ym — y)/Rua] |
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and Q is the covariance matrix of the estimated TDOA’s. The values R; for i =
1,2,..., M are computed from (3.29) with x = z¢ and y = yy. In the next iteration,
xo and 1o are set to xg + Az and yo + Ay. The whole process is repeated until Az
and Ay are sufficiently small, resulting in the estimated PL of the source (z,y). This
Taylor-series method can provide accurate results, however, it requires a close initial

guess (o, yo) to guarantee convergence and can be very computationally intensive.

Friedlander’s method [Fri87] utilizes a Least Squares (LS) and Weighted LS (WLS)
error criterion to solve for the position location [Fri87]. He first transforms the linear

set of equations of (3.33) into

1
Xipz +Yiay = §(Xi2 +Y7 = X{ = Y? - R)) - RiaRy, (3.38)

then realizes this equation in matrix form as

Sx =u— Ryp, (3.39)
where
Xi1n Y
S ) )
Xma1 Y

x=[z y
XP+Y? - X7 -Y?— R},
u=— :

5 :
X+ Y — Xf = Y? — Ry,

P = [R@l R RMJ]T.
In order to eliminate the second term of 3.39, which requires knowledge of the un-
known term R, the equation in (3.39) is premultiplied by a matrix N which has p

in its null-space. Matrix N is defined as
N=(I-7Z)D, (3.40)

where )

Ri71 0
D = (diag{p}) ™' =

0 Rya
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and I is an identity matrix. By using singular value decomposition (SVD) on (I — Z),

Friedlander eliminates the unknown R; parameter. The SVD of (I — Z) is given as

Ui 0
(I - Z) = [Uk7 uk] k [Vk7 Vg]? (341)
T —2
0 0
where {nf,...,n% _,} are the non-zero singular values. The matrix to eliminate the
second term of (3.39) is then given by
N = V/D, (3.42)

and a closed form solution for the coordinates of the source is found by solving
NSx = Nu, (3.43)

which results in (M — 2) linear equations in = and y. The source position can then be
computed using the LS solution. A closed form solution which can be used is given
by Friedlander as

x = (STNN'S)'STNN”u. (3.44)

Friedlander also uses the Weighted Least Squares (WLS) solution, which provides the
ML estimate in the case of zero-mean Gaussian range difference noises with unequal

variance. The optimal weighting matrix is given as
W = {N(diag{p} + Ri1)Q(diag{p} + RI)N"} ", (3.45)

where Q is the covariance matrix of the range difference equations. The weighting
matrix W is a function of the unknown parameter R; , which can be estimated from
p Pu

Ry ="——,
p’Pp

(3.46)

where

P=1I-5(S"s)!s.
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The resulting WLS solution is in the form
W!/2Nx = W/?Nu, (3.47)
which results in a position location estimation by
x = (STNWNTS)1S"TNWNTu. (3.48)

Friedlander’s simulation results indicated that, when using four base stations, the LS
and WLS solutions were identical. However, for more than four base stations, the
WLS PL solution outperformed the LS PL solution.

The spherical-intersection (SX) method [Sch87], [Smi87b] is another commonly used
approach. It assumes that R; is known and solves x and y in terms of R; from (3.33).
The least squares solution of (3.29) is then used to find the R; and hence z and .
Since R, is assumed to be constant in the first step, the degree of freedom to minimize
the second norm of the error vector, ¢ , used in the solution is reduced [Cha94]. The

solution obtained is therefore suboptimal as demonstrated in [Smi87a] and [Abe87].

Another approach called the spherical-interpolation (SI) method [Abe87], [Smi87a],
[Smi87b], first solves x and y in terms of R;, then inserts the intermediate result
back into (3.33) to generate equations in the unknown R; only. Substituting the
computed R; values that minimizes the LS equation error to the intermediate result
produces the final result. One drawback to the SI method is it inability to produce
a solution if the number of unknowns is equal to the number of equations based on
the TDOA estimates, which may occur in certain situations. The SI method was
shown in [Smi87a] to provide an order of magnitude greater noise immunity than the
SX method. Although the SI performs better than the SX method, it assumes that
the three variables x, y and R; in (3.33) to be independent and eliminates Ry from
those equations. Consequently, the solution is suboptimal because this relationship
is ignored. The method proposed by Friedlander and the SI method have be shown

in [Fri87] to be mathematically equivalent.

A divide and conquer (DAC) method, proposed by Abel [Abe90], consists of dividing
the TDOA measurements into groups, each having a size equal to the number of
unknowns. Solution of the unknowns is calculated for each group, then appropriately

combined to provide a final solution. Although this method can achieve optimum
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performance, the solution uses stochastic approximation and requires that the Fisher
information be sufficiently large. The Fisher information matrix (FIM) is the inverse
of the Cramér-Rao Matrix Bound (CRMB)(i.e.(FIM)=(CRM B)™') [Hah75]. The
estimator provides optimum performance when the errors are small, thus implying
a low-noise threshold in which the method deviates from the CRLB. This method
requires an equal number of range difference measurements in each group, and as a
result, the TDOA estimates from the remaining sensors cannot be used to improve

accuracy.

An non-iterative solution to the hyperbolic position estimation problem which is
capable of achieving optimum performance for arbitrarily placed sensors was proposed
by Chan [Cha94]. The solution is in closed-form and valid for both distant and close
sources. When TDOA estimation errors are small, this method is an approximation
to the maximum likelihood (ML) estimator. Chan’s method performs significantly
better than the SI method and has a higher noise threshold that the DAC method
before the performance deviates from the Cramér-Rao lower bound. Furthermore, it

provides an explicit solution form that is not available in the Taylor-series method.

Following Chan’s method [Cha94], for a three base station system (M=3), producing
two TDOA'’s,  and y can be solved in terms of R; from (3.33). The solution is in

the form of
-1
A X Y- R 1| R2,— K+ K
[ ZE] _ 2,1 2,1 v [ 2’1]R1—|—— 2,1 2 + A ’ (3.49)
Ay X31 Ya, B3, 2| R}, - Ks+ Ky
where

K = X;+Y!
K, = X;+Y;
Ky = XI+Y1

When (3.49) is inserted into (3.29), with i = 1, a quadratic equation in terms of R is
produced. Substituting the positive root back into (3.49) results in the final solution.
There may exist two positive roots from the quadratic equation that can produce
two different solutions, resulting in an ambiguity. This problem can be resolved by
using a prior: information. The answer to this method is the same as the spherical-
intersection method (SX) given in [Sch87].
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For four or more base stations, the PL system is overdetermined because there are
more measurements of TDOA than the number of unknowns. The original set of
nonlinear TDOA equations are transformed into another set of linear equations with
an extra variable. A weighted linear LS provides an initial solution and a second
weighted LS gives an improved position estimate through the use of the known con-
strain of the source coordinates and the extra variable. Letting z, = [z, , R1]” be the
unknown vector, where z, = [z,y]?, the error vector ¥, with TDOA noise, derived
from (3.33) is

Y =h— G,z (3.50)

where

Ry, — X5 = Y7+ X7 + Y7
RE ) — X5 — Y9+ X7+ 17

Ry — X3 — Yo + X7+ Y7 |

Xo1 Ya1 Rap
Xz1 Y31 Rs;

Xm1 Yun Rua

Denoting the noise free value of {*} as {*}°, when d; ; = d} ; + n, ; is used to express
Ri; as R)| + cn;p and noting from (3.30) that R) = R}, + R, the error vector ¢ is
found to be

Y =cBn+0.5¢°'n ®n (3.51)
B = diag{ RS, RS, ..., R},

where ® represents the Schur product. The TDOA estimates found by the general
cross-correlation methods with Gaussian data is asymptotically normally distributed
when the signal to noise (SNR) is high [Car81]. Consequently, the noise vector n
is also asymptotically normal and the covariance matrix of the error vector can be
evaluated. In practice, the condition cn;; < RY is usually satisfied and the second
term on the right of (3.51) can be ignored. Therefore, the error vector ¢ becomes a

Gaussian random vector with covariance matrix given by

¥ = E[py’] = BQB (3.52)
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where Q is the TDOA covariance matrix. The elements of z, are related by (3.29),

which means that (3.50) is still a set of nonlinear equations in = and y variables.

The approach to solving this nonlinear problem is to first assume that there is no
relationship between z,y and R;. They can then be solved by a least squares esti-
mation. The final solution is obtained by imposing the known relationship (3.29) to
the result via another LS computation. This two step procedure is an approximation
of a true ML estimator for the source location. By considering the elements of z,

independent, the ML estimate of z, is

z, = argmin{(h— G,z,) ¥ (h - G,z,)} (3.53)
= (GJU'G,) 'G] ¥ 'h,

which is the generalized LS solution of (3.50). The equation of (3.53) cannot be solved
because W is not known since B contains the true distances between the source and the

sensors. Further approximation is necessary in order to make the problem solvable.

When the source is far away, each R for i=2,3,4,....M is close to R° so that B ~ R°T,
where R® designates the range and I is the identity matrix size (M-1). Since scaling

of ¥ does not affect the answer, an approximation of (3.53) is
z. ~ (GIQ™'G,)'GIQ'h. (3.54)

If the source is close, (3.54) is used first to obtain an initial solution to estimate B.
The final answer is then computed from (3.53). Although (3.53) can be iterated to
provide an even better answer, simulations show that applying (3.53) once is sufficient

to give an accurate answer.

The covariance of position estimate z, is obtained by evaluating the expectations of z,
and z,z. from (3.53), however this is difficult because G, contains random quantities
r;1. The covariance matrix is computed by using a perturbation approach. In the
presence of noise

Ri1 =R}, +cniy. (3.55)

The matrix G, and vector h can be expressed as G, = G? + AG, and h = h° + Ah.
Since GYzY = h°, (3.50) implies that

Y = Ah — AG,z.. (3.56)
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Letting z, = z° + Az,. Then from (3.53)
(GY + AGDYT G + AG,) (22 + Az,) = (G + AGT)T(h + Ah). (3.57)

Retaining only the linear perturbation terms and then using (3.51) and (3.56), Az,

and its covariance matrix is

Az, = oGI®'G,) 'GI¥'Bn (358
cov(zs) = E[Az,Azl] = (GTE G,

where the square error term in (3.51) has been ignored and (3.52) has been used to

give cov(zg).

The position estimation z, assumes z,y and R; are independent; however, they are
related by (3.29). Therefore, we can incorporate this relationship to get an improved
estimate. When the bias is ignored because of small errors in the TDOA estimates, the
vector z, is a random vector with its mean centered at the true value with covariance

matrix (3.58). Hence the elements of z, can be expressed as
Zag =12 +e1, za2=1y"+es 243=R)+e, (3.59)

where e1, e5 and e3 are the estimation errors of z, . Subtracting the first two elements

of z, by X; and Y7, and then squaring the elements gives another set of equations

Y =h —G,z’ (3.60)

a“a”?

where 1)’ is a vector denoting the inaccuracies in z,. Substituting (3.59) into (3.60)

results in

U, = 2(2° - X))ey + e ~2(2° — Xy)ey
U, = 2(1° —Yi)ex +e5~2(y" — Yi)es (3.61)
U, = 2RJes+ e~ 2R)e;.

The approximation to the ML procedure used here is valid only if the errors e; are

small. The covariance matrix of ¢’ is given by

!

U = [ 7]4B cov(z,)B’ (3.62)

!

B = diag{xO_Xl7y0_Yi7R(l]}'
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Since 1) is Gaussian, then it follows that ¢ is also Gaussian, thus the ML estimate
of z, is

z, = (GI¥G)'GIw 'n. (3.63)

a

The matrix ¥'is not known since it contains the true values of the position. Neverthe-
less, B' can be approximated by using the values z, and G? in (3.58) approximated

by G, and B in (3.52) approximated by the values computed from (3.54).

If the source is distant, then the covariance matrix can be approximated as
cov(zq) ~ AR” (GYTQ'G) 1, (3.64)

and (3.63) reduces to

!

z, ~ (G'B'G.,Q'G,B'G,)(G'B'G,Q'G,B!G,)h’. (3.65)

a

. ro. . . ’ ro .
Matrix G, is constant. By taking the expectations of z, and z,z.!, the covariance
. r .
matrix of z, is

cov(z,) = (GI®' G, (3.66)

Finally, the position location estimation is obtained from as

X
7, = /7, + 1] (3.67)
Y,
or
X
e 3.
Y,

The proper solution is selected to be the one which lies in the region of interest. If
one of the coordinates of z, is close to zero, the square root in (3.67) may become
imaginary. If this occurs, the imaginary component is set to zero. The covariance
matrix of the position location estimate can be determined from z, in (3.60), with

r=1"+e, and y = y° + e,. Thus from (3.60)

Z:z,l — (2" -X1)? = 202" = X1)es + €2 (3.68)
Zaz = (00 = Y1)P = 25" = Yi)e, + ¢},

The errors e, and e, are relatively small compared to z° and y°, thus we can eliminate
e; and e2. Then using (3.52), (3.58) , (3.62) and (3.67), the covariance matrix, ®, of
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position location estimate, z,,is found to be

1 ’ "
¢ = COU(Zp) = ZB _1CO/U(ZCL)B -1 (369)
= C2(BNG;TB,_IGgTB_lQ_lB_ngB,_lG;BN)—17

where

Bu _ (ZL’O — Xl) 0 .
0 ((y° =11)

To summarize Chan’s method, the location of a distant source can be estimated by
using equations (3.54), (3.65) and (3.67). The covariance matrix of the PL estimate
is determined from (3.69). For locating near sources, (3.54) is used to give an approx-
imation of B, then used in (3.53), (3.63) and (3.67) to produce a PL solution. The
covariance matrix of the PL estimates can then be determined from (3.69). Chan’s
method offers a closed form solution which can achieve the CRLB. However, it does
so when the range difference errors are assumed to be small. His method also requires
a priori knowledge of the approximate location and distance of the source to resolve

ambiguities in the PL solution.

The hyperbolic PL estimation algorithms presented offer different accuracy’s and
complexities. The Taylor-series LS method offers accurate position location estima-
tion at reasonable noise levels and is applicable to any number of range difference
measurements, but can be computational intensive. Fang’s method provides an op-
timal solution when the system of equations is consistent but does not make use of
redundant measurements. Friedlander’s approach reduces the computational require-
ments for the solution but does is suboptimal because it eliminates a fundamental
relationship. Chan’s method offers a closed form solution, thus eliminating the need
for an iteration approach, but requires a priori information to eliminate ambiguities.
The optimal PL algorithm for a given situation depends on the geometrical configu-
ration of the base stations, the number of coordinates of the source to be solved and
range difference measurements utilized, computational requirements and complexity,

assumptions on the statistical nature of the channel and desired accuracy.
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3.4 Measures of Position Location Accuracy

A set of benchmarks is required to evaluate the accuracy of the hyperbolic position
location technique. A commonly used measure of PL accuracy is the comparison of
the mean square error (MSE) of the position location solution to the theoretical MSE
based on the Cramér-Rao Lower Bound (CRLB). Another commonly used measure
of PL accuracy is the circle of error probability (CEP). The effect of the geometric
configuration of the base stations on the accuracy of the position location estimate
is measured by the geometric dilution of precision (GDOP). A simple relationship
exists between the GDOP and CEP measures. Lee in [Lee75a] and [Lee75b] provides
a novel procedure for assessing the accuracy of hyperbolic multilateration PL systems
and limitations of the accuracy’s. Hepsaydir and Yates provide a performance analysis

of position locationing systems using existing CDMA networks in [Hep94].

3.4.1 MSE and the Cramér-Rao Lower Bound

A commonly used measure of accuracy of a PL estimator is the comparison of the
mean squared error (MSE) of the PL solution to the theoretical MSE based on the
Cramér-Rao Lower Bound on the variance of unbiased estimators. The classical

method for computing the MSE of a 2-D position location estimate is
MSE =& = E[(z —#)* + (y — )7, (3.70)

where (z,y) is the coordinates of the source and (Z,9) is the estimated position of
the source. The root-mean square (RMS) position location error, which can also be

used as a measure of PL accuracy, is calculated as the square root of the MSE

RMS = /e = \JE[(z — &) + (y — 9)?]. (3.71)
To gauge the accuracy of the PL estimator, the calculated MSE or RMS PL is com-
pared to the theoretical MSE based on the Cramér-Rao Lower Bound (CRLB). The

conventional CRLB sets a lower bound for the variance of any unbiased parameter

estimator and is typically used for a stationary Gaussian signal in the presence of
stationary Gaussian noise [Gar92b]. For non-Gaussian and nonstationary (cyclosta-
tionary) signals and noise, alternate methods have been used to evaluate the perfor-

mance of the estimators [Gar92b|. The derivation of the CRLB for Gaussian noise is
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provided in [Cha94], [Kna76], [Hah73] and [Hah75]. The CRLB on the PL covariance
is given by Chan [Cha94] as

®=GIQ Gy, (3.72)

where G, is defined in (3.37) with (z,y, R;)) = (2% ¢° R?), which are the actual
coordinates of the source and the range of the first base station to the source, and
matrix Q is the TDOA covariance matrix. The sum of the diagonal elements of ®
defines the theoretical lower bound on the MSE of the PL estimator. Matrix Q may
not be known in practice; however, if the noise power spectral densities are similar
at the receivers, it can be replaced be a theoretical TDOA covariance matrix with

diagonal elements of 02 and 0.502 for all other elements, where o3 is the variance of
the TDOA estimate [Cha94].

3.4.2 Circular Error Probability

A crude but simple measure of accuracy of position location estimates that is com-
monly used is the circular error probability (CEP) [Tor84] [Foy76]. The CEP is a
measure of the uncertainty in the location estimator relative to its mean. For a 2-D
system, the CEP is defined as the radius of a circle which contains half of the real-
izations of the random vector with the mean as its center. If the position location
estimator is unbiased, the CEP is a measure of the uncertainty relative to the true
transmitter position. If the estimator is biased and bound by bias B, then with a
probability of one-half, a particular estimate is within a distance B + CEP from the

true transmitter position. Figure 3.2 illustrates the 2-D geometrical relations.

The CEP is a complicated function and is usually approximated. Details of its compu-
tation can be found in [Foy76] and [Tor84]. For hyperbolic position location estimator

the CEP is approximated with an accuracy within approximately 10 % as

CEP ~0.75\/02 + o, (3.73)

where o and o7 are the variances in the estimated position [Tor84].
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Figure 3.2: Circle of Error Probability

3.4.3 Geometric Dilution of Precision

The accuracy of Range-Based PL systems depends to a large extent on the geometric
relationship between the base stations and the source to be located. One measure that
quantifies the accuracy based on this geometric configuration is called the geometric
dilution of precision (GDOP) [Wel86] [Tor84] [Ban85] [Lee75a]. The GDOP is defined
as the ratio of the RMS position error to the RMS ranging error. The GDOP for an

unbiased estimator and a ranging system is given by [Jor84] as

GDOP = \/tr[(ATA)-1], (3.74)

where A is express in equation (3.20) and tr indicates the trace of the resulting
matrix. The GDOP for an unbiased estimator and a 2-D hyperbolic system is given
by [Tor84] and [Lee75a)] as

GDOP = (y/(con)2+ (coy)?) /\/(co.)? (3.75)

- () o

where (co;)? is the mean squared ranging error and (co,)? and (coy)

2 are the mean

square position errors in the x and y estimates. The GDOP is related to the CEP by
CEP =~ (0.7505,)GDOP. (3.76)

The GDOP can be used as a criterion for selecting a set of base station from a large
set whose measurements produce minimum PL estimation error or for designing base

station location within new systems.



CHAPTER 3. HYPERBOLIC POSITION LOCATION SYSTEMS 60

3.5 Chapter Summary

This chapter introduced the TDOA estimation techniques and hyperbolic PL al-
gorithms used in the hyperbolic position location method. A general model for
the TDOA estimation problem was developed and the generalized cross-correlation
(GCC) techniques commonly used for time delay estimation were presented. The
effect of the frequency functions on the TDOA estimation and the importance of the
choice of frequency function was discussed. Although GCC methods do facilitate
the estimation of the TDOA, they do encounter problems which are critical to the
position location problem. Firstly, GCC require the differences in the TDOA for
each signal to be greater than the widths of the cross-correlation functions so that
the correlation peaks can be resolved. If not separated sufficiently, overlapping of
cross-correlation functions corrupt the TDOA estimate. Furthermore, because GCC
methods are not signal-selective, they produce correlation peaks for all signals and
are faced with the problem of identifying the TDOA estimate of interest. Signal-
selective TDOA estimation techniques outperform GCC methods; however, they do
not offer any advantages over GCC methods when the spectrally overlapping noise
and interference exhibit the same cycle frequency as the signal of interest, which is

encountered in multiuser CDMA systems.

A general range difference position location model was formulated and the hyperbolic
algorithms used to provide solutions to the range difference equations were presented.
For the problem of geolocating mobile units within a cellular infrastructure, the algo-
rithms applicable to arbitrarily placed base station were reviewed. Fang’s PL method,
Friedlanders Least Square (LS) and Weighted LS PL method, the iterative Taylor-
series LS PL method and Chan’s closed form PL method were described in detail. The
advantages and disadvantages of the various PL algorithms were discussed. Finally,
the measures of position location accuracy commonly used to evaluate hyperbolic

position location algorithms were reviewed.



Chapter 4

Simulation Model

4.1 Introduction

In this chapter, the simulation models and general assumptions for the CDMA reverse
channel and hyperbolic position location system are presented. A general position lo-
cation procedure is given. For simplicity, it is assumed that the user requesting E-911
service is stationary. The reverse channel transmitter and receiver implementations
and operation of the CDMA system model is discussed. The AWGN, multipath and
shadowing mobile radio channel models used in the simulations are provided. The
TDOA estimation technique and hyperbolic PL algorithm used in the hyperbolic po-
sition location system is reviewed. Finally performance measures utilized to evaluate
the hyperbolic position location technique are indicated. The performance of the hy-
perbolic PL technique is evaluated for a macrocellular and microcellular environment.
All operational parameters, such a path loss exponent, distance of mobile from base
station handling call, required base station received power, were selected to maintain

system integrity and reflect typical values.
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Figure 4.1: Position Location Configuration

4.2 Position Location Procedure

The general procedure for providing E-911 service to mobile wireless users is pre-
sented. When an E-911 call is initiated, it is assumed that the base station handling
the call, referred to as the controlling base station and designated as BS#1, is able
to recognize the call as an emergency call. Upon recognition of the E-911 call, the
controlling BS notifies the Master Switching Center (MSC), which then monitors
the mobiles signal from all available neighboring base stations. Since the MSC con-
tinually monitors the signal strength of a mobile unit from multiple base station
for soft-handoftf purposes, the base stations receiving the signal with the strongest
strength can be easily recognized. It is assumed that the three or four base stations
receiving the users signal with the highest power is selected by the MSC from the

available set of base stations.

At this time, each base station selected is instructed to take a “snapshot” of the users
demodulated baseband PN spread signal and relay this information to the MSC.
Perfect timing synchronization between base stations as provided by CDMA timing
is assumed. The MSC estimates the TDOA between all neighboring base stations and
the controlling base station, then calculates the PL estimate of the mobile unit. The
PL information is then transferred along a dedicated landline to the nearest PSAP.

Figure 4.1 provides an illustration of a physical layer for a three BS PL configuration.
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4.3 CDMA System Model

The base station configuration used for the CDMA system is based on a hexagonal
cellular layout with major radius defined by R. Two base station configurations, cor-
responding to whether three and four base stations are being used, were established.
Figure 4.2 illustrates the base station locations when three base stations are used.
Figure 4.3 illustrates the base station locations when four base stations are used.
Selection of the base station configuration was based on the shortest transmitter-
receiver distances between the mobile unit and any neighboring base station. Unless
otherwise specified, the base stations and the mobile unit are coplanar. For a macro-
cellular CDMA environment, a cell radius of R = 5 km is used, and for a microcellular

environment, a cell radius of R = 1 km is used.

The mobile unit transmitter is modeled as the DS/SS transmitter indicated by Figure
2.4 in Chapter 2. It is assumed that the mobile unit uses a half-wave dipole antenna
with unity gain and has a maximum output power of 1W. A center frequency channel
and signal bandwidth of 1900MHz and 1.2288 MHz respectively, which is indicative
of CDMA operation within the PCS spectrum, and perfect RF modulation and de-
modulation is assumed. All simulations were performed on baseband rectangular
shaped BPSK signals. The BPSK modulation data is spread by a pseudo-noise (PN)
spreading sequence with chip duration of T, = 813.8 ns. The spread spectrum signal

is modeled as

s(t) = a(t)b(t), (4.1)

where both the PN spread sequence a(t) and the information bearing signal b(t)
are binary nonreturn-to-zero waveforms with unit amplitude. Because information
content is not of importance, a random BPSK PN sequence was generated and used

as the transmitted signal s(?).

The long PN spreading sequence used in the IS-95 CDMA cellular standard introduces
a processing gain of N = 4 chips/symbol after the 1/3 rate convolutional encoder and
64-ary orthogonal modulator introduce a processing gain of N = 32. As a result, an
[S-95 system introduces a total processing gain of N = 128 chips/bit. Therefore, a

processing gain of N = 128 was assumed for all simulations.
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The base station receiver model used is the DS/SS receiver model indicated by Figure
2.5 in Chapter 2. It is assumed that each base station is utilizing omni directional
isotropic antennas with unity gain. The received signal is demodulated to the base-
band spreading sequence. A “snapshot” of the PN spread sequence required for
TDOA estimation is captured immediately after demodulation. It is assumed that
the PN spreading code used for any one user within access interference is negligible.
Throughout, it is assumed that all base station clocks are perfectly synchronized us-
ing a common reference, such as CDMA time. Consequently, relative clock drift and
bias is assumed to be zero. Perfect acquisition and synchronization of the users PN

code is also assumed.

Closed-loop CDMA power control is used for all simulations. Perfect power control
is assumed so that the total power level of each user on the receiving antenna is the
same, thus eliminating the near-far effect. The base station adjusts the transmitting
power of the mobile unit accordingly to maintain the required received power level
at the receiver. Unless otherwise specified, it is assumed that the controlling base
station requires sufficient power levels to maintain a SNR of 18 dB from all users
within the cell.
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4.4 Mobile Radio Reverse Channel Models

4.4.1 Received Signal Model

This section describes how the received signal at each base station is generated. To
generate the signals, a three or four base station configuration and mobile location is
selected. Based on the distance of the mobile to each base station, the propagation
delays, di, dy and d3, assuming a signal propagation speed of ¢ = 3 x 10® m/s, of the
transmitted signal to each base station is determined. Assuming a three base station
configuration, the relative delays, d2; and ds 1, with respect to the controlling base
station, BS#1, is then caculated from

dyy = dy—dy (4.2)
dg 1 = dg —d. (43)

)

A random BPSK signal with unity signal power is generated for each base station,
then sampled and shifted according to the relative delays experienced. The signals
are then passed through an additive white Gaussian noise (AWGN) channel, where
the noise power is scaled according to the signal-to-noise ratio (SNR) of the received
waveform. The received signals at the neighboring base stations are time shifted

versions of the received signal at BS#1.

ri(t) = s(t)+n(t) (4.4)
T‘Q(t) = S(t — d271) + n(t) (45)
Tg(t) = S(t — d371) + n(t) (46)

Received signal power levels at each base station, and consequently SNRs, are ad-
justed according to the channel path loss exponent n and distance of the mobile to
the base stations. Multipath components of the signal were added in the multipath
simulations and the effects of shadowing on the signal propagation delay time and
power level were included in the simulations of shadowed cellular environments. The
received signals are then processed by the TDOA estimator and hyperbolic position

location algorithm to provide an estimate of the mobiles location.
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4.4.2 Path Loss Model

The log distance path loss model was used to determine received power levels as a
function of transmitter-receiver separation distance. The log distance path loss model
is based on theoretical analysis and measurements that indicate that the average
received signal power decreases logarithmically with distance. The average large-scale
path loss for an arbitrary transmitter-receiver separation is expressed as a function
of distance by using the path loss exponent n.

PL(dB) = PL(d,) + 10nlog<di>. (4.7)

In equation (4.7), PL(dp) is the path loss at the close-in reference distance dy and d
is the distance from the mobile to the base station. The close-in reference distance
must be chosen so that it lies in the far field, or Fraunhofer region, of the transmitting
antenna so that the near-field effects do not alter the reference path loss [Rap96]. The
far-field distance of a transmitting antenna is defined as the region beyond the far-
field distance dy. The far-field distance d; is related to the largest dimension of the
antenna, D,, and the carrier frequency.

2D?
="

ds (4.8)

For a half-wave dipole antenna used at the PCS carrier frequency of 1900 MHz, the
largest linear dimension of the mobile units antenna is approximately 0.08 meters,
which results in a Fraunhofer distance of 0.08 meters. Therefore, a close-in reference
distance of 10 meters was selected for simulations within microcellular environments,
and a close-in reference distance of 1 km was selected for simulations within macro-

cellular environments.
Given a required base station received power of Pr(d) dBm, the power received at
the close-in reference distance dy using the log distance path loss model is

P,(dy) dBm = P.(d) dBm + 10nlog<di> dB. (4.9)

The transmitting power of the mobile in watts is then calculated from

(47)2d>L

P, = P,(dp) x GG

(4.10)
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where P,.(d,) is expressed in watts, G; and G, are the gains of the transmitting
and receiving antenna respectively, and L is the system loss factor not associated
with propagation losses. For all simulations, it is assumed that the transmitting and
receiving antennas have unity gain and the system loss factor L=1. The signal power
received at each base station is then calculated using the log-distance path loss model
described

P.(d) dBm = P.(d,) dBm — 10nlog<di> dB. (4.11)

4.4.3 Signal-to-Noise Ratio

Having determined the required mobile unit transmit power and the received signal
power P.(d) at each of the base stations, the SNR at each base station is calculated

using the relationship

P,

n

where P, is the noise power. The noise power is defined as
P, =kTB, (4.13)

where k is Boltzman’s constant, 7" is the thermal noise temperature in Kelvins, and
B is the bandwidth of the transmitted signal. For all simulation, 7" is assumed to
be 295 kelvin. The calculated SNR, or equivalently E}/N,, is used to scale the noise

components added to the signal described in Section 4.4.4.

4.4.4 Additive White Gaussian Noise Channel

A zero-mean additive white Gaussian noise channel is used in all simulations. The
noise, n(t), is added to the transmitted signal, s(¢), so that the received signal is
represented as

r(t) = s(t) + n(t). (4.14)

The SNR of the received signal is defined as the ratio of the signal power, P, to the
noise power, F,.

P,
SNR = . 4.15
. (4.19
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In the simulation of digital communications systems, the SNR is commonly evaluated
as Ey/N,, where Ej is the transmit energy per bit and N, is a function of the noise
power spectral density. The energy per bit in terms of the transmit signal power is
given as

Ey, = P,Tyu, (4.16)

where Ty;; is the duration of a bit. Because of the coding gain, N, provided by the PN
spreading sequence and the sampling of the signal by Ny, the energy is spread over
many more symbols, and Ty; is equal to the number of symbols and samples used to
represent each bit.

Tyit = N N;. (4.17)

The noise power, assuming a AWGN channel with two-sided power spectral density
of N,/2, is given by
o, =—. (4.18)

Unity signal power, P, = 1, is used for all simulation. Therefore, the noise power, o2,
is scaled to simulate a particular SNR. The noise power for a given SNR is calculated

using
9 N Ny

"2 (By/N,)
Therefore, zero-mean Gaussian noise components with variance given by Equation

4.19 is added to the signal in Equation 4.14.

o (4.19)

4.4.5 Multipath Channel Model

This section describes the multipath model used in this research. For wideband sig-
nals, as used in CDMA, the channel bandwidth is considerably smaller than the signal
bandwidth. This leads to frequency selective fading which introduces intersymbol in-
terference (ISI) in the time domain. As a result, the received signal will consist of
multiple copies of the original signal, which are attenuated and time delayed. To
minimize computation, it is assumed that the channel exhibits slow fading. In slow
fading channels, the channel impulse response changes at a rate much slower then
the transmitted baseband signal. Therefore the impulse response of the channel is

assumed to remain constant over a data collection interval. A simple tapped delay
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line model is used to simulated the multipath channel, resulting in a received signal

given by
M

r(t) = s(t) +n(t) + > ais(t — 1) + ni(t — 7), (4.20)

i=1

where 7; and «; are the relative delay and signal power of the ¢th multipath compo-
nent, and M is the number of multipath components present. Only coherent mul-
tipath was considered; the multipath components constructively combine with the
LOS signal. The effect of multipath on the PL accuracy is observed as a function of a
chip interval delay and relative power multipath with respect to the LOS signal and

the number of multipath components present.

4.4.6 Shadowing Channel Model

In simulations evaluating the effect of obstruction due to man-made or natural struc-
ture, the knife-edge diffraction model of [Rap96] was used. Figure 4.4 illustrates the
geometry used. It is assumed that the obstruction has height h and is infinitely wide.
It is apparent from the figure that the wave travels a longer distance than the LOS
path. Assuming that h << di,ds and h >> )\, the difference between the direct LOS
and diffracted path, called the excess path length, can be approximated as

h*(dy + ds)
A ——=, 4.21
2(dqds) (4.21)

The excess propagation delay due to the longer diffracted distance can be determined
from

At = AJe, (4.22)

where ¢ is the speed of signal propagation. When shadowing is caused by an ob-
ject, such as a mountain or building, the attenuation caused by diffraction can be
estimated by calculating the Frensel-Kirchoff diffraction parameter v and using the
Fresnel integral in [Rap96]. An approximate solution to the Fresnel integral, which
was used in the simulations, is provided by [Lee85]. The diffraction parameter v is a

dimensionless parameter and is given as

2(dy + dy)

v=~h N

(4.23)
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Figure 4.4: Knife-Edge Diffraction Model

The approximations to the Fresnel integral provided by Lee is given as

Ga(dB) = 0 v< -1 (4.24)

Ga(dB) = 20log(0.5 — 0.620) —1<0v<0  (4.25)

G4(dB) = 20log(0.5exp(—0.95v)) 0<v<1 (4.26)

Ga(dB) = 20log (o.4 — Jo11sa = (038 0.12;)2) 1<v<24 (427)
.22

Gq(dB) = 20log<¥> v > 4. (4.28)

The effect of shadowing on the PL accuracy is observed as a function of the excess path

length (or excess propagation delay) and power attenuation due to the obstruction.
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4.5 Hyperbolic Position Location Technique

The hyperbolic PL technique utilized in the simulations consisted of a cross-
correlation TDOA estimator and the Taylor-series Least Squares (LS) PL algorithm.
The cross-correlation TDOA estimation technique was selected because of its simplic-
ity. It provides unbiased TDOA estimation and allows for observation of the relative
effect due to different channel and system parameters. The MATLAB cross corre-
lation function, xzcorr, was used to perform the cross correlation of signal snapshots
acquired at the base stations. Because generalized cross correlation techniques are not
signal selective, they are unable to distinguish between correlation peaks generated
from line-of-sight (LOS) and multipath components. Therefore, for all simulations,

it is assumed that the maximum correlation peak is due to the LOS signal.

The TDOA estimation errors in the absence of interference and signal noise are
assumed to be due to the uncertainity in the peak correlation estimation by the
cross-correlation estimator. The TDOA estimator errors are modeled as a zero-mean
Gaussian random variable with variance o2. The TDOA estimates were simulated by
adding zero-mean Gaussian noise with variance o2 to the TDOA’s calculated by the
cross-correlation delay estimator. Throughout this thesis, the accuracy of the TDOA

estimator is defined as the standard deviation of the peak correlation estimator.

The Taylor-series LS PL algorithm was used because of its ability to provide accurate
results at reasonable TDOA noise levels. It is a simple method that is can be applied
to an arbitrary number of range difference measurements, thus eliminating the need
for multiple PL algorithms. The PL solution to the set of range difference Equations of
3.30 generated from the TDOA estimates is determined from Equations 3.37 and 3.29.
The TDOA covariance matrix Q used in Equation 3.37 is generated from 1000 TDOA
estimation iterations. The deviates Az and Ay are caculated and used to update the
estimated z and y until both deviates are < 0.01. To facilitate convergence of the
Taylor-series P method, the actual mobile position was used as the initial guess.
When large TDOA errors are encountered, the Taylor-series method may not always
converge. In this situation, the iterative Taylor-series method is halted and a non-
solution is declared. Non-solution were not used in the performance evaluation of

hyperbolic PL technique.
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4.6 Performance Measures

The performance measures used to evaluate the accuracy of the hyperbolic position
location technique include the root-mean square (RMS) PL error, geometric dilution
of precision (GDOP) and circle of error probability (CEP). The classical RMS measure
of Equation 3.71 was used to evaluate the position location accuracy of the hyperbolic
PL estimation technique. The GDOP factor, as defined by Equation 3.75, was used
to evaluate PL errors due to base station configuration. The CEP of Equation 3.73
was utilized as a simple measure of accuracy. Comparison of the simulation results
to the Cramér Rao Lower Bound (CRLB) was performed whenever applicable. The
CRLB was calculated using Equation 3.72, where G; is defined in Equation (3.37)
with (z,y, R;) = (2° 9°, RY) , which are the actual source and the range of the first
base station to the source, and matrix Q is the TDOA covariance matrix. It was
assumed that the signal and noises are white and the SNR at each of the receivers
is identical. Consequently, the theoretical TDOA covariance matrix Q is found to
be o3 all diagonal elements and 0.5 o3 for all other elements, where o2 is the TDOA

variance.

4.7 Chapter Summary

This chapter presented the simulation models and assumptions used in the software.
The general position location procedure was described. The CDMA system param-
eters and operation were indicated. The AWGN, multipath and shadowing channel
models were described. The TDOA estimation technique and hyperbolic PL algo-
rithm used in the simulations and measures of accuracy used to evaluate PL accuracy

were indicated.
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Chapter 5

Experimental Results

5.1 Introduction

In this chapter, we present the results of the simulations. The hyperbolic position
location (PL) technique described in Chapter 3 and the CDMA system described
in Chapter 2 are simulated using the concepts and models described in Chapter 4.
The simulation results are intended to evaluate the performance of the hyperbolic PL

technique when used in the reverse channel of a CDMA system.

The effect of mobile radio channel conditions, CDMA system operation and config-
uration on the performance of the hyperbolic PL technique is reported. Simulation
results demonstrate the effect of the number of base stations utilized, the location of
the mobile unit within the cell, and the cell environment on PL performance. The
effect of the CDMA closed-loop power control on the accuracy and ability of the PL
method is presented. The effect of path loss and the length of the observation window
over which the signal is used for TDOA estimation on performance is evaluated. Per-
formance evaluation of the hyperbolic PL system in multipath and shadowing mobile

radio environments is also performed.

Monte Carlo simulations for a single user CDMA system were performed in all simu-
lations. The effect of multiple access interference is not included in the evaluation of
the hyperbolic PL system. In all simulations, the mobile unit is located within the

coverage area of BS#1 and all location values are reported in meters.
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Table 5.1: Number of Base Stations vs MSE of CRLB, Chan’s Model, and the Hy-
perbolic PL Simulation Model

# of BS | CRLB | Chan | Simulation Model
4.0 328.82 | 346.86 353.00
5.0 143.94 | 147.57 148.37
6.0 44.06 | 44.38 44.70
7.0 38.54 | 38.64 39.09
8.0 38.53 | 38.63 39.03
9.0 36.47 | 36.55 36.90
10.0 33.73 | 33.80 34.07

5.2 Validation of Hyperbolic PL Model

Validation of the PL system models used in the simulations is critical in establishing
the reliability of the experimental results. Therefore, validation of the hyperbolic PL
estimation model, which is comprised of a cross-correlation TDOA estimator and a

Taylor-series Least Squares PL algorithm, was performed.

To validate the PL system model, a simple simulation was performed and compared
to the simulation results of [Cha94]. In the simulation, ten coplanar receiver’s were
placed at the following locations: (z1 = 0,y1 = 0), (x2 = —5,y2 = 8), (v3 = 4,y3 =
6), (xa = =2,ys = 4), (x5 = T,y5s = 3), (x6 = —T,y6 = 5), (x7 = 2,y7r = 5),
(xs = —4,ys = 2), (w9 = 3,99 = 3) and (r190 = 1,410 = 8). The source was located
at (z,, = —50,y, = 250). It was assumed that both signal and noises are white
random processes and the SNR at each receiver is identical. Therefore, the TDOA
covariance matrix Q is found to be o3 for diagonal elements and 0.503 for all other
elements. The TDOA noise power was set to o2 = 0.00001/c* and the MSE PL error
for a different number of receivers, obtained from 10,000 iterations, was compared to
the theoretical MSE based on the Cramér Rao Lower Bound (CRLB).

Table 5.1, which provides the simulation results, indicates that the hyperbolic PL
model does approach the Cramér Rao Lower Bound. Furthermore, the results are in
very close agreement with those reported by Chan in [Cha94]. As such, the operation
of the software implementation of the hyperbolic position location system model was

verified and reliable results can be reported.
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5.3 Base Stations and TDOA Accuracy

The results presented in this section evaluates the performance of the hyperbolic PL
technique as a function of the number of base stations utilized and the accuracy of the
TDOA estimator. The performance of the hyperbolic PL technique in a macrocellular
and microcellular CDMA system and AWGN channel is performed. The simulation
results can be used as a baseline performance of the hyperbolic position location

method.

5.3.1 Macrocellular Environment

The results presented here evaluate the performance of a hyperbolic PL system utiliz-
ing three and four base stations in a macrocellular CDMA environment. In the simula-
tions, the base station configurations indicated by Figures 4.2 and 4.3 and a cell size of
R =5 km were used. For the three base station configuration, the base stations were
located at BS#1=(0, 0), BS#2=(7500, 4330) and BS#3=(0,8660). For the four base
station configuration, an additional base station was located at BS#4=(—7500, 4330).
The mobile unit was located near the cell boundary at (x,, = 1480.7, y,, = 4068.2).
The same mobile position was used in each simulation. Figure 5.1 illustrates the

location of the mobile within a three base station configuration

The first simulation was performed for a path loss factor of n = 2.5 and an obser-
vation window of 1000 chips. Figure 5.2 indicates the results of the simulation. As
stated previously, the Taylor-series PL algorithm can provide precise position location
estimates that approach the CRLB even at reasonable TDOA noise levels. This is
evident from the simulation results of both configurations. The RMS PL accuracy
from both base station configurations closely follows the CRLB when the TDOA es-
timation errors are small. However, as the TDOA noise levels increase, the deviation
from the CRLB increases. At very high TDOA noise levels, the RMS PL error begins
to sharply increase and evaluation of the hyperbolic PL. method becomes difficult

because convergence of the iterative Taylor-series method is not guaranteed.

As explained in Chapter 2, redundant TDOA measurements can improve position

location accuracy. The plot clearly shows the performance gains from redundant
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measurements. The four base station configuration offers approximately 1 dB better
TDOA noise tolerance and approximately 17% better RMS PL accuracy over a three
base station configuration. At a TDOA accuracy of -60 dB, or 1 us, the four base
station configuration provides approximately 50 meter better RMS PL accuracy than
a three base station configuration. While these results indicate the performance
benefit of using redundant measurements, it should be noted that the mobile unit is
ideally located. In the simulation, the mobile unit is close to the cell boundary so
that the received power levels are sufficiently high enough at neighboring base stations
to facilitate the TDOA estimation between them. At the given mobile location and
the path loss factor, the SNR’s at the base stations are 18.0, 14.4, 16.8 and 10.1 dB
respectively. In following simulations, the degradation in PL performance as a mobile

deviates from this ideal location is demonstrated.

A second simulation was performed for a path loss factor of n = 3.6, which is typical of
urban cellular environments. Figure 5.3 illustrates the results of the simulation. The
figure indicates that the three base station configuration provides reasonable PL per-
formance. However, in contrast to the previous simulation, the results indicate that
redundant TDOA measurements do not offer improved performance. For a channel
path loss of n = 3.6, the SNR’s at the base stations were found to be 18.0, 12.8 16.3
and 6.5 dB respectively. The results suggest that, while the SNR’s at BS#1-BS+#3
are sufficiently high enough to facilitate accurate TDOA estimation, the SNR. level
at the fourth, and most distant base station, is not. Consequently, the performance
gains from the redundant TDOA measurement are offset by the inaccuracies in the
measurement because of low signal quality. In following simulations, the effect of path

loss and the SNR’s at the neighboring base stations is demonstrated.
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Figure 5.1: Mobile Position within a 3 Base Station Macrocellular Configuration
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5.3.2 Microcellular Environment

In a similar simulation, the performance of the hyperbolic PL technique within a
microcellular CDMA environment was evaluated. The same base station configu-
rations as indicated by Figures 4.2 and 4.3 were used. For the three base station
configuration, the base stations were located at BS#=(0, 0), BS#2=(1500, 866) and
BS#3=(0,1732). For the four base station configuration, an additional base station
was located at BS#4=(—1500, 866).

The mobile position was located near the cell boundary at (z,,, = 281, y,, = 772) and
the SNRs at the neighboring base stations are sufficiently high enough to facilitate
the TDOA estimation between base stations. The simulation was performed for a cell
size of R = 1 km, path loss of n = 3.5 and a 1000 chip observation window. Figure 5.4
indicates the location of the mobile within a three base station microcellular system

and Figure 5.5 presents the results of the simulation.

From the figure, it can be seen that the PL performance from both base station
configurations follows closely with the CRLB at lower TDOA errors. As with the
macrocellular system, the PL estimation accuracy begins to deviate from the CRLB
at higher TDOA error levels. At higher TDOA noise levels, the RMS PL error
performance of both hyperbolic PL system configurations sharply increase. As before,
the simulation results clearly indicates the performance gains due to redundant range
difference measurements. The four base station configuration in the microcellular
environment offers approximately 1 dB better noise tolerance and approximately 17%
better RMS accuracy than the three base station configuration and is able to provide

precise position location estimates for a much wider range of TDOA noise levels.
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5.3.3 Microcell versus Macrocell

In the previous simulations, the mobile unit was located at the relatively same position
within the cellular system. Thus it is interesting to compare the results of the previous
simulations. A comparison of the performance of the hyperbolic PL system in 3 base

station microcellular and macrocellular CDMA systems is provided in Figure 5.6.

Figure 5.6 indicates the RMS PL performance of both system configurations is identi-
cal for small TDOA errors and closely follow the CRLB. However, the performance of
the microcellular system deviates from the CRLB more quickly than for the macrocel-
lular systems. At higher TDOA estimation errors, the microcellular system appears
to reach a threshold and the RMS PL error begins to sharply increase, while the
RMS PL performance of the macrocellular system continues to follow the CRLB.
The results suggest that microcellular systems may be more sensitive to TDOA esti-
mator accuracy than macrocellular systems and that performance of the PL system

improves as the spatial diversity between base station increases.
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5.4 Location of Mobile

In this section, the performance of the hyperbolic PL system as a function of the
location of the mobile user within a CDMA system is evaluated. The RMS PL error
for various mobile positions is determined and compared to the CRLB. The effect of
base station geometry, as indicated by the geometric dilution of precision (GDOP)
and the circle of error probability (CEP) factors, on the accuracy of the PL estimate

for each location is also evaluated.

The three base station configuration of Figure 4.2 was used, and mobile locations
within the cell are indicated in Figure 5.7. The coordinates of each mobile position
are provided in Table 5.2. In the simulation, a cell radius of R = 5 km, path loss of
n = 3.6 and TDOA noise level of o4 = 407 ns were used. In order to evaluate the
relative effect of the location of the mobile unit on the PL accuracy, the SNRs at all

base station were made sufficiently high enough in order to not influence the results.

Table 5.3 provides the MSE, RMS and theoretical MSE and RMS results for each
mobile position. The simulation results indicate that PL accuracy improves as the
mobile moves farther away from the controlling base station, BS#1, and to a point
symmetrical to all base stations. An improvement of approximately 38% in RMS
PL accuracy is realized when the mobile moves from position #1 to position #9.

Furthermore, improvement in performance is realized as the difference between the
RMS PL results and the CRLB decreases from 40% to 15%.

As indicated in Chapter 2, the accuracy of PL estimate is best when the hyperbolas
defined by the range difference equations intersect at 90 degrees. A degradation in
performance is experienced when the intersection deviates from this ideal condition.
Table 5.4, which provides the GDOP and CEP factors for each position, illustrates
the effect of the base station geometry on the performance of the hyperbolic PL sys-
tem. The smaller the GDOP factor the better the configuration of the base stations.
Higher GDOP factors indicate that the base station configuration deviates from the
optimal configuration, which is reflected in the RMS PL results of Table 5.3. As the
mobile becomes more symmetrically located with respect to the base stations, the

base station geometry improves, which leads to better PL performance.
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Table 5.2: Coordinates of Mobile Positions in Figure

Position X Y
#1 0.00 1443.09
#2 0.00 2886.17
#3 0.00 4329.26
#4 373.50 | 1393.92
#5 747.00 | 2787.83
#6 1120.50 | 4181.75
#7 721.54 | 1249.75
#8 1443.09 | 2499.50
#9 2164.63 | 3749.25
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Table 5.3: MSE and RMS Position Location Error and Cramér Rao Lower Bound for
Each Mobile Locations

Position | CRLB : MSE | MSE | CRLB : RMS | RMS
#1 17109.18 33510.20 130.80 183.06
#2 15453.50 26206.10 124.31 161.88
#3 14901.16 23063.71 122.07 151.87
#4 15049.38 24036.60 122.68 155.04
#5 12554.10 19269.02 112.05 138.81
#6 11127.22 17265.02 105.49 131.40
H7 14412.38 22139.76 120.05 148.79
#8 11692.43 19169.56 108.13 138.45
#9 10139.00 13118.55 100.69 114.54

Table 5.4: Geometric Dilution of Precision and Circle of Error Probability Results

Position | GDOP | CEP
#1 1.377 | 137.65
#2 1.282 | 121.77
#3 1.259 | 113.36
#4 1.267 | 114.41
#5 1.044 | 104.53
#6 0.969 98.35
#7 1.268 | 111.87
#8 1.101 | 103.92
#9 0.920 85.68
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5.5 Path Loss

This section evaluates the effect of the path loss factor on the performance of the
hyperbolic PL system. To evaluate the effect of path loss on PL performance, the
RMS PL error was determined at three mobile positions for a range of path loss
factors. In the simulation, a three base station configuration with cell radius of
R = 5 km, an observation window of 2000 chips and TDOA estimator accuracy of
o4 = 10 ns were used. The locations of the mobile unit within the cell are indicated
in Figure 5.8. The path loss factor was varied from n = 2.5 to 4. For simplicity, it

was assumed that each channel experiences the same path loss.

As the simulation results in Figure 5.9 indicate, at lower path loss factors, the PL
performance for all three mobile locations is unaffected as only a slight increase in
PL error is experienced. However, at higher path loss factors, while the PL system
continues to provide precise PL estimates for the two farther mobile locations, the
PL error of the closer mobile location begins to sharply increase. The more distant
mobile locations require higher transmit power levels to maintain a specific SNR.
This improves the signal power levels at the neighboring base stations. Furthermore,
because the mobile is closer to the cell boundary, it is also closer to the neighboring
base stations. These smaller transmitter-receiver distances reduce the attenuation
experienced by the signal. Even though the channel path loss increases, the higher
transmit power and closer proximity compensates for the signal attenuation, which
results in precise PL estimation. In contrast to the two farther mobile locations, the
closer mobile location needs to transmit at lower power levels to maintain adequate
SNR at the controlling BS. This reduces the available power at the neighboring base
stations. Furthermore, the distance to the neighboring base stations increases and
the signal experiences much greater attenuation. As a consequence, PL performance

suffers because of poor signal quality.

The results from this simulation indicate that, depending on the location of the
mobile, path loss may or may not have a significant influence on PL performance
and that only slight changes in the location of the mobile can significantly effect
the sensitivity of the hyperbolic PL systems performance to the path loss of the

propagation channel.
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5.6 Performance under CDMA Power Control

The results presented here demonstrate the effect of CDMA closed-loop power control
on the performance of the hyperbolic PL system. To evaluate the effect of the power
control scheme, the RMS PL accuracy at several mobile locations, extending from the
cell boundary towards the controlling base station, was determined. Under CDMA
power control, it is assumed that the mobile unit is required to maintain an SNR of

18 dB at the controlling base station.

To evaluate the effect of power control, several different simulation cases were per-
formed. In the first case, a path loss factor of n = 2.5, a 2000 chip observation window
and TDOA estimator accuracy of o4, = 285 ns were used. In the second case, a path
loss factor of n = 3.6, a 5000 chip observation window and TDOA estimator accuracy
of 04 = 10 ns were used. The three and four base station configurations of Figure
4.2 and Figure 4.3, with cell radius of R = 5 km, and an AWGN channel were used
in the simulations. The locations of the mobile unit within the cell is indicated in
Figure 5.10. The simulation results for the first case is provided in Figure 5.11 and

Figure 5.12 illustrates the RMS PL error results for the second case.

The results from both cases indicate that both BS configurations provide acceptable
PL results when the mobile is close to the cell boundary. In the region around the
cell boundary, the SNRs at all BS’s is sufficiently high enough to permit accurate
TDOA estimation between BS’s. However, as the mobile reduces its transmit power
as it moves closer to the controlling base station, lower SNRs are experienced at the
neighboring BS’s. This results in a gradual increase in PL error. When the SNR
at the neighboring BS’s reaches much lower levels, RMS PL error begins to sharply
increase, providing unacceptable PL accuracy. The simulation results indicate that a
SNR threshold level, in which the PL error begins to sharply increase, exists. In the
first simulation, the SNR threshold level at the neighboring base stations was found
to be approximately 10 dB, while in the second simulation, which utilizes a longer

observation window, a threshold level of approximately 7 dB was experienced.

The simulation results also indicate that redundant range difference measurements
made from additional base stations do not always improve PL performance. When

signals are received at low SNR, the TDOA estimate and resulting PL estimate will be
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inaccurate. Although the nearest neighboring base stations recieve the users signal
with adequate SNR, it appears that the corrupted range difference measurement
from the fourth, and most distant base station, introduces significant errors in the
PL estimate.

Most importantly, the results from the first case suggest that under closed-loop
CDMA power control, hyperbolic PL systems will only meet FCC 2-D requirements
on accuracy for approximately 40% of the coverage area. While the second case offers
better performance, it still does not provide complete coverage of the cell. Issues
concerning cell coverage and the effect of the observation window on the operational

range of the hyperbolc system are dealt with in the following section.

In a third simulation, the three base station configuration of the first simulation was
repeated for a path loss factor of n = 3.6 and compared to the simulation results of
the first case. As seen by Figure 5.13, the different path loss factors do not appear
to have a significantly influence on PL performance. The higher path loss factor are
compensated for by the higher transmit power required of the mobile to maintain

adequate SNR at the controlling base station.

Now we consider the situation in which the mobile is instructed to transmit at max-
imum power when the call is recognized as an E-911 emergency request. Figure 5.14
compares the PL performance between a mobile under the CDMA power control and
when the mobile is able to transmit at maximum power. While the increased power
level provides only slight improvement in the PL accuracy, dramatic improvements in
the coverage area over which effective PL estimation can be performed is experienced.
However, this improvement in PL coverage area comes at the expense of system ca-
pacity. Because the mobile does not reduce transmit power as it moves closer to the
controlling base station, the interference level due to the mobile increases, causing
the near-far effect. This reduces the signal quality of all other users and results in an

increase in dropped calls.

The simulation results presented here clearly demonstrate that position location cov-
erage is severely limited under CDMA closed-loop power control. Methods which
mitigate this power control problem must be developed if universal coverage of PL
systems is to become a reality. Although cell coverage of PL systems can be extended

if transmit powers are increased, system capacity is severely effected.
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5.7 Observation Window Length

While it has been shown that the signal power levels at the neighboring base stations
can influence PL performance, PL accuracy and cell coverage are also influenced by
the length of the observation interval over which the signal is captured at each base
station and correlated to provide a TDOA estimate. In this section we investigate

the effect of the length of the observation window on PL performance.

To evaluate the effect of the observation length, the RMS PL error of several mobile
positions, extending from the cell boundary towards the controlling base station, for
different observation window lengths were determined. In the simulation, a three base
station configuration with a cell size of R = 5 km, path loss factor of n = 3.6 and
TDOA estimator accuracy of 04 = 10 ns were used. Observation lengths of 1000,
2000, 5000, and 10,000 chips, which corresponds to a signal interval of approximately
0.8 ms, 1.6 ms, 4 ms and 8 ms respectively, were used. The locations of the mobile

within the cell are the same as those indicated in Figure 5.10.

Figure 5.15, which illustrates the results from the simulation, clearly indicates the
improvement in PL estimation accuracy as the observation window increases. Near
the cell boundary, an observation window of 1000 chips is sufficient to provide rea-
sonable PL estimation. However, a doubling of the observation window provided
approximately 20% better PL accuracy, while a observation window with an order of
magnitude greater length provided approximately 66% better performance. As the
observation window increases, a relatively constant improvement in PL performance

is experienced.

As the mobile moves from the cell boundary towards the controlling base station,
lower transmit power levels are required of the mobile unit and the distance between
the mobile unit and neighboring base stations increases. This results in lower sig-
nal powers at the neighboring base stations. As the SNRs decrease, the correlation
strength of the PN sequences over the smaller observation windows are unable to
overcome the effects of low signal powers and the PL error rises sharply. However,
longer observation windows improve the correlation properties of the observed PN
sequences between base stations and is able to maintain accurate TDOA estimation

and PL accuracy over a much greater range.
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More importantly, the simulation results indicate how longer observation windows can
extend the coverage region of the hyperbolic PL system. An improvement in coverage
of approximately 10% is experienced when the observation window is doubled from
1000 to 2000 chips, and a 40% improvement when the observation window increases by
an order of magnitude. The results also demonstrate the ability of longer observation
windows to overcome the effects of low received SNR levels at the base stations. In
these simulations, a slow fading channel was assumed. If the channel exhibits fast
fading, in which the impulse response of the channel does not remain constant over
the observation window, it is expected that longer obervation times can be used to
improve the correlation properties between corrupted received signals, resulting in
improvements in PL performance. It should be noted that the improvements in PL
performance due to the increased length of the observation window comes at the
expense of increased computational time and resources. However, the improvements

in PL accuracy and coverage offset these added requirements.

As observed in the previous simulation, a threshold level for each of the observation
windows exist. The SNR threshold levels for the 1000, 2000, 5000 and 10,000 chip
observation windows were found to be approximately 13, 10, 7, and 2 dB respectively.
Thus an improvement in the dynamic range of the PL system is achieved for a longer
observation windows. In order to evaluate the cell coverage based on these SNR
threshold levels, a contour plot indicating the coverage pattern was developed. Figure
5.16 illustrates cell coverage pattern based on various SNR levels at the neighboring
base stations. As one can see, depending on the location of the mobile, the operational
range of the hyperbolic system varies. The greatest range of coverage occurs for
mobile locations symmetrically between base stations, with a decrease in range as the

position deviates from this ideal location.
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5.8 Performance in Multipath

In this section, the performance of the hyperbolic PL system in the presence of multi-
path is examined. To evaluate the effects of multipath, a single multipath component
is introduced in the channel to BS#1. The delay and signal strength of the multipath
component relative to the LOS signal is varied and the effect on the PL performance
is determined. The mobile position and base station locations are the same as indi-
cated in Figure 5.1. A cell radius of R = 5 km and path loss of n = 2.5 were used.
With the mobile at this location, the SNR at each base station is sufficiently high
enough to facilitate the TDOA estimation between them. To evaluate the relative
effect of the multipath, the TDOA noise level was set to o4 = 28.5 ns.

The results for multipath signal strengths of « = 0.1, 0.5, 0.7, 0.8, and 0.9 are provided
in Figure 5.17. From the plot, it can be seen that as the relative signal strength
of the multipath component increases so does the RMS PL error introduced by the
multipath. At relative signal strengths of one-half or less, the hyperbolic PL estimator
is able to follow the CRLB with only slight deviation. However, significant errors are
introduced by multipath of higher relative strengths. For a multipath component with
signal strength of & = 0.8 arriving 1/6 of a PN chip later than the LOS, the multipath
introduces approximately 2.5 times greater RMS PL error and for a multipath signal

strength of a = 0.9, approximately 5 fold increase in RMS PL error is experienced.

The results for multipath components with relative power of @ = 0.7,0.8,0.9, and
1 are shown in Figure 5.18. The plot indicates that when an equal power multi-
path components are present, the TDOA estimate and resulting RMS PL error is
dominated by the multipath signal component. Although the LOS and multipath
have identical power, the additional correlation between the delayed multipath and
the delayed signals at neighboring BS’s results in a higher correlation peak then the
correlation due to the LOS signal.

This clearly illustrates a major drawback of using generalized cross-correlation (GCC)
TDOA estimation methods. As discussed previously, GCC methods are not signal
selective, and thus are unable to discern between correlation peaks caused by the
LOS and multipath signal components. As a result, the assumption that the peak

correlation is due to the LOS can result in significantly worse PL performance.
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5.9 Performance in Shadowed Channels

This section examines the effect of shadowed mobile environments on the performance
of the hyperbolic PL system. To evaluate the effects of shadowing, the knife-edge
diffraction model presented in Chapter 4 was implemented. A base station height of
50 meters was used and the mobile was assumed to be ground level. The simulations
were performed for the three base station configuration of Figure 5.1 with cell radius
of R =5 km, path loss of n = 2.5 and TDOA estimator accuracy of 04 = 250 ns. In

the simulations, the mobile is required to maintain a SNR of 18 dB.

In the first simulation, an obstruction is introduced in the channel to BS#1. The
height of the obstruction is varied and the effect of the excess path length and signal
attenuation on the PL performance is observed. The obstruction was located 250
meters from BS#1 and the mobile was located at (x,, = 500,y,, = 750). Figure
5.19 provides the results from the simulation. When the mobile is subjected to shad-
owed radio environments, the obstruction causes signal attenuation. As a result, the
mobile must transmit at higher levels to maintain adequate SNR at the controlling
base station. The higher transmit power required of the mobile improves the SNRs
experienced at the neighboring base stations. This improves TDOA estimation and
results in better PL performance as indicated by the plot. The excess propagation
time experienced by the signal due to the increased path length did not appear to

impact performance.

In the second simulation, an obstruction is introduced in the channel of a BS#3. The
obstruction is located 250 meters from BS#3 and the mobile is located within the
coverage area of BS#1 at (x,, = 1500, y,, = 4250). The results of the simulation are
provided in Figure 5.20. The figure clearly illustrates the degradation in performance
due to shadowing of the mobiles propagating signal. As the obstruction height in-
creases, attenuation of the signal propagating to BS#3 increases, resulting in lower
SNR. As the SNR at BS#3 continues to decrease, the TDOA estimates results in
worse PL estimation. While the obstruction improved the PL performance in the

previous simulation, it clearly degrades performance in this simulation.
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5.10 Chapter Summary

This chapter provided a summary of the performance of the hyperbolic position loca-
tion technique in a CDMA systems. The effect of various CDMA system parameters
and channel conditions were investigated. The RMS PL performance of the hyper-
bolic PL system in a macrocellular and microcellular systems were presented. The
effect of the TDOA estimation accuracy and the performance gains due to redundant
TDOA measurements was illustrated. The degradation in PL performance due to
the closed-loop power control scheme used in CDMA systems was presented. The
performance of the PL system in multipath and shadowed mobile radio environments

was demonstrated. Discussion of these results is provided in the following chapter.



Chapter 6

Conclusions and Future Work

This thesis provides an overview of hyperbolic position location techniques and evalu-
ates the performance of hyperbolic PL systems within CDMA systems. The applica-
tion of PL techniques for the geolocation of mobile users within CDMA cellular/PCS
systems presents a major challenge. While the hyperbolic PL technique can provide
effective PL estimation, the mobile radio channel environment and CDMA operation

present practical limitations on PL performance.

The high rate pseudo-noise sequences used in CDMA systems facilitate high resolu-
tion TDOA estimation, which leads to accurate PL estimation. However, simulation
results indicate that the accuracy of the TDOA estimate has a major impact on the
accuracy of the PL estimate. The hyperbolic PL system can provide accurate PL
estimates at low TDOA noise levels; however, RMS PL error sharply increases at
higher noise levels. While both microcellular and macrocellular environments appear
to be equally effected by TDOA accuracy, the size of the cells used in the CDMA

system contribute to the sensitivity to the TDOA estimation accuracy.

The effect of the number of base stations used in the PL estimate was demonstrated.
It was shown that redundant TDOA measurements can lead to improved PL accuracy.
Simulation results indicate that an improvement of approximately 17% in PL perfor-
mance and 1 dB better noise tolerance can be achieved when using four base stations
versus three base stations. However, adequate signal power levels are required at all

base stations if improvements in PL performance are to be expected.

111
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Simulation results demonstrated the effect of the base station configuration on the
accuracy of the PL estimate. The geometric dilution of precision factor, which indi-
cates the influence of the base station geometry on the PL accuracy, was evaluated for
numerous mobile positions within a cell. The GDOP results indicated that ideal base
station geometry is such that the mobile is equidistant and symmetrically located
relative to the base stations. This GDOP factor can be used in the selection of base

stations for the PL estimation procedure.

The effect of the closed-loop power control scheme used in CDMA systems on the
accuracy of hyperbolic PL systems was evaluated. As a mobile moves closer to the
controlling base station, lower SNRs are experienced at neighboring base stations.
This results in inaccurate TDOA estimates and poor PL performance. At very low
SNR values, the hyperbolic position location system is unable to provide reasonable
PL estimates. More importantly, simulation results indicate that up to 60% of the
cell coverage area cannot be served by the PL system. CAs a result, the service
provider will not be able to provide E-911 service over this area. This presents a
major problem to wireless service providers using CDMA technology in meeting FCC
E-911 regulations. Under CDMA power control, it was also shown that redundant
measurements do not always lead to improved PL accuracy. Simulation results indi-
cate that very low SNRs experienced at the more distant base station will introduce
greater uncertainty in the redundant TDOA estimate, resulting in greater uncertainty
in the PL estimate. This problem can be overcome, at the expense of system capacity,

by instructing the mobile to transmit at maximum power.

The performance of the hyperbolic PL system within the presence of multipath was
demonstrated. Code division multiple access system have an inherent capability for
multipath interference rejection. However, multipath presents a unique problem to
hyperbolic PL systems. If multipath signal components arrive within the chip interval
of the LOS signal, the resulting cross-correlation and TDOA estimate will be based on
both LOS and multipath signal components. In this situation, the resulting TDOA
estimate will be biased and degradation in performance is experienced. If the LOS
signal has greater signal power than the multipath component, then PL performance
improves as the multipath component arrives farther outside of the chip interval.

However, if multipath arriving within the observation window has equal or higher
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signal power than then LOS signal or if the LOS propagation path is non-existent,
then the TDOA estimate will be based primarily on the multipath component and a
linear increase in PL error is experience as the arrival time of the multipath component
increases. Because the GCC TDOA estimation methods are unable to discriminate
between the correlation peak due to LOS and multipath signal components, an as-
sumption as to which correlation peak was due to the LOS signal must be made,

which can lead to inaccuracies in the PL estimate.

The effect of shadowing mobile radio environments, in which the LOS propagation
path of the users signal is obstructed, on the PL performance was also demonstrated.
Simulation results indicate that shadowing and CDMA power control can have both
beneficial and adverse effects on PL accuracy. If the mobile radio channel to the
controlling base station is obstructed, the mobile increases transmit power in order
to maintain adequate SNR at the base station. This increase in transmit power ef-
fectively improves the SNRs experienced at neighboring base stations, resulting in
better TDOA estimation and improved PL performance. However, if the radio chan-
nel to any of the neighboring base stations is shadowed by an obstructed of sufficient
height, lower signal levels are experienced at the base station and a degradation in

PL performance results.

6.1 Future Research

The performance evaluation of the hyperbolic position location technique presented
in this thesis provides a general overview of the capabilities of the system. Additional
research is needed to further evaluate the performance of the hyperbolic PL system
within CDMA systems. Areas of future research can concentrate on two specific areas:

improvements to the TDOA estimation and improved hyperbolic PL algorithms.

If improved PL performance is to be realized using the hyperbolic PL. method, im-
proved TDOA estimation techniques will be required. The cross-correlation TDOA
estimation technique used in the simulations is a generalized cross-correlation (GCC)
delay estimation method in its simplest form. Consequently, a performance compari-

son of the frequency filter functions described and improvements to PL accuracy can
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be evaluated. As discussed previously, GCC methods are unable to resolve spectrally
and temporally coincident signals or identify the correlation peaks due to the signal
of interest and interfering signals. Time difference of arrival estimation techniques
which overcome the inability’s of GCC TDOA estimation methods can further im-
prove PL performance. The simulation used in this thesis evaluated a single-user
CDMA system. Future research efforts may concentrate on the performance of the
hyperbolic PL system in multiuser CDMA systems and the effect of multiple access
interference on PL accuracy. Methods to mitigate the correlation peaks due to other
sources of interference may be investigated. Because accurate receiver tracking and
high clock synchronization between base stations is desirable, receiver sensitivities,
such as timing and sampling errors, clock drift and biases and base station timing

biases on the PL performance can also be evaluated.

Because of the large scale nature of the cellular infrastructure, adequate signal quality
at neighboring base stations becomes a significant problem. Time difference of arrival
estimation methods which perform well at low SNRs would also be of importance.
Other methods to mitigate the low SNR problem and improve PL accuracy, such as
the use of “sniffer” receivers within the cell, can also be investigated. Another area of
interest would be evaluating the effect of the observation interval, or “snapshot”, taken
for the TDOA estimation and signal sampling on the PL performance. Improved
channel models or the use of site-specific channel information that better represent
real-world mobile radio channels would also be valuable in accessing the performance

of the hyperbolic PL technique.

While the accuracy of the TDOA estimate appears to be a major limiting factor
in the performance of the hyperbolic PL system, the performance of the hyperbolic
PL algorithm is equally important. Position location algorithms which are robust
against TDOA noise and are able to provide unambiguous PL solution to the set of
nonlinear range difference equations are desirable. The hyperbolic PL algorithms dis-
cussed in this thesis provide solutions to a linearized set of range difference equations.
Consequently, the effect of the linearization of the range difference equations on the
performance of the system, especially in bad GDOP situations, can be investigated.

The Taylor-series Least Squares PL algorithm used in these simulation was selected



CHAPTER 6. CONCLUSIONS AND FUTURE WORK 115

because of its simplicity and ability to offer accurate PL estimation even at reason-
able TDOA noise levels. However, because the Taylor-series method is an iterative
process, it can become computationally intensive and convergence is not guaranteed.
The trade-off between computational complexity and accuracy exist for all PL al-
gorithms. The iterative Taylor-series method provides accurate results, however, if
real-time results are required, the computational complexity of the algorithm may be
of more importance. Therefore, a trade-off analysis through performance comparison

of the closed-form and iterative PL algorithms can be performed.
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