A New Differential Positioning Method using
Modulation Correlation of Signals of Opportunity

Toby A Webb, Paul D Groves, Paul A Cross
Dept. Civil, Environmental and Geomatic Engineering
University College London
London, U.K.
toby.webb@ucl.ac.uk

Abstract—Global Navigation Satellite Systems (GNSS) have

become the positioning systems of choice for manyjglications.
However, GNSS signals are susceptible to obstructip
interference and jamming. Therefore, to maximize rbustness
and integrity, it is necessary to employ a dissimdr positioning
technology that can operate independently and backp GNSS.
One such technology exploits ‘signals of opportunit — signals
that are designed for purposes other than navigatio

This paper presents a system that uses amplitude mhalation
(AM) radio broadcasts in the medium frequency (MF)band. At
these frequencies, the predominant ground-wave pr@gation
mode offers better coverage in remote areas and aveea than is
achievable with higher frequency signals.

The system is differential and operates by correlttg modulation
information between the reference and user receiver A system
of this form mitigates the deterioration in and araind buildings
encountered in prior systems and can provide absdie position
using fewer signals than a system using only carri@hase.

The system presented in this paper uses generalizettoss
correlation to obtain time difference of arrival measurements
that are subsequently used for position determinadin.
Preliminary results indicate the system provides aobust position
solution. Moreover, the system offers the potentialto be
combined with carrier phase measurements to achievenhanced
performance, while the modulation correlation techigue is
readily extendable to other types of signal.
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Deliberate GNSS jamming has historically been a anilit
issue. However the introduction of GNSS-based law
enforcement, high-value asset tracking and, poténtiedbad
user charging have made jamming of interest to criminal
Low-cost jammers, covering all GNSS bands, are nowyeasil
obtainable via the internet. Although most of these jarame
have a very short range, some can disrupt GNSS recepton
tens of kilometres [2].

A further source of GNSS disruption is space weather.
During solar maxima, ionospheric scintillation can di$ru
reception of most GNSS signals in polar and equat@gbns
at certain times of day [3], while a solar flaredaock out all
GNSS reception over the side of the Earth facing the sun [4]

Therefore, to maximise the robustness of a position
solution, in terms of availability, continuity and intégy it is
necessary to augment GNSS with one or more dissimilar
positioning technologies. These technologies must operate
independently of GNSS and be subject to different failure
modes.

Navigation and positioning technologies may be divided
into two categories: dead reckoning and position fixing [5].
Dead-reckoning technologies measure the distance tdvelle
and direction. Examples include inertial navigation, odense
magnetometers and Doppler radar and sonar. Positiasing
dead reckoning requires a known starting point and the errors
are cumulative, so the position error grows with time.
However, there is no reliance on landmarks.

In position fixing, the user position is determined by
measuring the range and/or direction to landmarks at know
locations (or by being in close proximity to the landkpa
Thus, for a position solution to be obtained, sufficientvkmo

Global Navigation Satellite Systems (GNSS) have ewlve |angmarks must be available. However, there is no degoadati

to be the positioning system of choice for many apptioat

in accuracy with time. Position fixing techniqgues may be

However GNSS signals are susceptible to obstructionyyided into two further categories: radio navigation and

interference and jamming. Signal obstruction is a @asr

feature matching [5]. In radio navigation systems, thdio

problem indoors, underground and in deep urban canyongansmitters normally constitute the landmarks and tragiio

Sources of unintentional interference include adjacent-bang

satellite communications, harmonics of

aircraft navigation signals [1].

The work presented in this paper has been conducider a Councils
Co-Operative Awards in Science and Engineering (Ofssipported by
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gnals are used for range and/or direction measurement.

- _ : televisiongignals are identified by frequency and/or aspectsheir t
transmissions and remote locking devices, radar and teatestr,qqulation.

Examples include GNSS, Loran and

ultrawideband positioning systems.

Feature matching systems use features of the environment
as landmarks. Examples include buildings, roads, field
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boundaries and terrain height. Traditional “map and cosipas generate a position solution. A sub-25 m accuracy has been
navigation is an example of feature matching. Automatedeported for such systems under optimum conditions. However,
feature-matching systems must both match features to there are problems. Range derived from carrier phasarhas
database and determine the ranges to and/or directionssef ambiguity equal to the wavelength of the signal (20860 m
features. Feature-matching sensors include optical arsdriedr  in the MF broadcast band). To resolve this ambiguityeeith
imaging sensors, laser scanners and radar. the user must start at a known position [9] or a langmber of
signals must be receivable to enable consistency-based
ambiguity resolution [10]. Furthermore, it is necess&y
calibrate for azimuth-dependent phase biases at the itsrsm
b nd ground-wave propagation effects. However, the gteates
Fnitation is that absorption and re-radiation of thignals
%lfoduces large random phase variations indoors, in déap ur
areas and near transmission lines [11]. Consequently, the
derived position may suffer from unreliability and rapid
deterioration in adverse environments.

Signals of opportunity is a generic term for radignsis
that may be used for positioning, but are not spediyical
designed or modified for that purpose. These will typiché
broadcasting or communications signals. Note that,
convention, signals already used by the user equipment f
communications purposes are nhot classed as signals
opportunity. A key benefit of using signals of opportungy
cost as there is no need to install additional trarsams
infrastructure. A further benefit, for military applicatss, is
that signals that could identify the presence of aitamji
operation are not required. However, a major drawbathais Il CONTEXT AND OVERVIEW

the transmissions will not have been optimised for positgn This paper explores positioning using TDOA
For example, transmitters will typically not be time measurements obtained by correlating modulation information
synchronised and the signal modulation will not have beeBetween the reference and user receivers over intervaksifof
optimised for ranging accuracy. a second. These measurements are unambiguous and are

Television and radio broadcasts are often used as sighalsffected much less by re-radiation effects. Howevery tre
opportunity because the modulation format of these sigaals NUCh noisier than ~ carrier-phase derived TDOA. The
publicly known and transmitter locations (to a few tens offiodulation-based TDOA measurements may be used in four
meters) are publicly available. In recent years, positp different ways to form a navigation solution:

using both digital television [6, 7] and digital audio 3. A snapshot position solution using only single-epoch
broadcasting (DAB) [8] signals has been demonstrated. modulation-based TDOA measurements. This is equivalent to

This paper focuses on amplitude modulation (AM) radicShapshot GNSS solution using differential code measurements
broadcasts in the medium frequency (MF) band. As there is ONlY

time synchronisation between AM radio broadcasts, any 2 A snapshot position solution using several epochs of
positioning system must be differential, comparingmodulation-based TDOA measurements that have been
measurements made at a rover or mobile receiver at amoothed using either time-differenced carrier-phase TDOA
unknown location with a reference or base receiverkatown  ifferential Doppler shift. This is equivalent to a sregis
location. Signals are captured simultaneously at tferelece  GNSS solution using differential carrier-smoothed code.
receiver and user locations. Signature parameters sighels i .

are then brought together for analysis to yield measemesof 3. An extended Kalman filter (EKF)-based position
the time difference of arrival (TDOA) (between theot Solution using both modulation-based TDOA measurements
receivers) of each signal. These TDOA measurements camd either time-differenced carrier-phase TDOA or diffeat

subsequently be processed to give the position of the user. Doppler shift measurements. This is equivalent to arF EK
) ) GNSS solution using both differential code and differential
A wide range of AM radio broadcasts are currentlycgrrier measurements.

available in most countries. In the MF band, the prédant . . ) )

ground-wave propagation mode offers better coverage in 4. A snapshot position solution using carrier phase-based
remote areas and over sea than higher frequency signald?OA measurements with a modulation-based solution used to
Signals in these bands are also difficult to jam oveyelareas bound the ambiguity resolution search space, enabling the
as high transmission powers are used to overcome mativ @mbiguities to be resolved with fewer AM signals. Trss i
inefficient receiver antennas. However, not all locatians ~ €quivalent to a real-time kinematic (RTK) differentelrrier
served by a sufficient number and geometry of AM radidPhase-based GNSS solution.

broadcasts to generate a position solution. Therefore, a This paper focuses on the first option, using modulation-
practical signals of opportunity positioning system would USpased TDOA measurements only. Investigations of the
AM signals alongside other signals, such as frequencjmaining methods will be described in future publication
modulation (FM) radio broadcasts, DAB and television.these will need to incorporate integrity checks to identi
Alternatively, a hybrid positioning system, combining phase or Doppler shift measurements corrupted by iatied

differential AM ranging with differential Loran could be effects and can use the modulation-only position solugi® a
implemented. This would be useful in areas where tha&e ateyersionary mode.

insufficient Loran signals to meet the accuracy andgiity
requirements stand-alone. The method presented here for obtaining range information

. — . , by modulation correlation is potentially applicable toya
_AM radio positioning systems previously reported in thesigna| with sufficient information contained within ~ its
literature [9, 10, 11] have used carrier phase measumsnto



modulation. It is not even necessary to know the modulatiosystem operator desires knowledge of the usepaicipant.
format of that signal provided it may be separated fitsm In this scenario it is possible to use a datalink theerates
neighbors. Consequently, it forms the basis of a potemsi

anywhere heterogeneous-signal radio positioning system, A
which can opportunistically use whatever signals happdre to

available at a particular location.

This paper is organized as follows. Section Il introduce
the concepts of the system, including a description of the
system and an overview of the process of obtainingséi@o
from the measurements. Section IV introduces the system A
design and explains the process of extracting timing o
information from the signals. Section V presents results A OR
obtained from simulations that have been designed tosasses
the quality of positioning that can be obtained from thé A
MF broadcast band, across Great Britain. Section &$gnts
details of series of preliminary trials. This includesads of
the demonstration apparatus and of the systems posdgioni
performance during the trials. Conclusions and futubekw
are presented in section VII. Figure 1. System Diagram

. SysTEM CONCEPT from the rover to reference receiver — subsequent sisaly

o being performed at the latter. Alternatively, for natign

A.  System Description applications, a datalink from the reference to the roeer be
AM broadcast signals have modulation content that variegsed — subsequent analysis being performed by the user. This

from signal to signal. As a result, any positioningtegn that allows the system to operate with an unlimited numtbfer
uses modulation must be differential: comparing measuremenparticipants. This mode of operation is also suitablecéwert
made at a rover, at an unknown location, with a rafaxeat a  applications, where the user does not wish to reveairhiger
known location. location by radiating a signal.

A representation of the system is presented in Fig. 1B EromMeasurement to Position
Shown in the figure is a reference receivigr,and roving ’

receiver,A, and a set oN transmitters, To, T, ...Ta}. Also As explained in Section IV B, TDOA measurements are
shown in the diagram is a transmission channel that alloW®'med from a sub-set of the signals received by both the
information transfer between the reference and the rover. reference and rover — each signal producing one TDOA

measurement. The TDOA measurements, together with the

The AM transmitters emit a setof signals that have the known transmitter and reference receiver locations, ae tos
potential to be used for position — signals that stelieferred  determine the position of the mobile receiver.

to as candidate signals. It is commonplace for muae bne o )
AM transmission to originate from the same transmisiez. Multiplying a TDOA measurement by the signal
Therefore the number of candidate signals tends to be greaffPPagation speed (approximately the speed of light) gives a

than the corresponding number of transmitter sites e Measurement of the difference in the pseudo-ranges from the
generah > N). transmitter to each of the two receivers. Adding thewkno

) ) ] range between the transmitter and the reference leaves a
Only one mobile receiver and one reference receiver §ansmitter to rover pseudo_range ana]ogous to thasuned

shown in the figure. However, it is conceivable tteer the by GNSS user equipment [12] . The key difference hefwais t
system to incorporate any number of rover and referena@e rover receiver clock offset is with respecttte teference
stations. Moreover, it is pOSSib'e to blur the digtion in roles receiver clock instead of the transmitter clock.
of the two stations. For example, stations could oftfeal - ) )
reference/rover functionality, as with network or tiet The position and clock offset is determined from adfet
positioning systems [5]. Without loss of generalioply a  Pseudo-range measurements using an estimation algorithm and

single rover and single reference receiver are corsidarthis @ measurement model (the deterministic part of which is
paper. sometimes known as a functional relationship). As ground-

] ) wave propagation is dominant for MF broadcasting, tlerro
Signals are captured simultaneously at the referenggosition can be determined using a measurement model similar
receiver,R, and roverA. Signature parameters of the signalsto that used for Enhanced Long range navigation (ELJE4n)
are then brought together for analysis to yield TDOANote that vertical position information cannot be obtainethfr
measurements and subsequently a position. ground-wave propagated signals.

For real-time operation it is necessary to introdace  \Where the baseline between the rover and reference is
transmission channel, or datalink, between the base and rowHort, a Cartesian approximation may be used, enabling a

receivers. The chosen direction of the datalink is Igrgelyersion of the GNSS measurement model [5][13] with two
application driven. For example, for tracking applicagiche



position dimensions to be used. This latter approach has bee The system presented here adopts an alternative
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Figure 2. System Architecture

used for the work presented here. The relationshipemetthe arrangement whereby a single wideband receiving apparatus is
measurements and the rover position and clock offset ismployed at both reference and rover. This receivipgaus
nonlinear, requiring the use of a nonlinear estimatioremploys an analog to digital converter (ADC) to dligitthe
algorithm. For the preliminary results presented here, incoming AM MF broadcast band. Subsequent processing is
iterated least-squares (ILS) algorithm has been usedtisth achieved digitally. The wideband approach has several
reference receiver position used for initialization. advantages over a narrowband approach. Most notably, a
wideband system is capable of practically receiving lchm

Once an initial position solution has been obtained, th ger number of signals at any one time.

measurement model may be linearized, enabling an extend&d
Kalman filter to be used to process multiple-epoch TDOA Shown in Fig. 2 is a representation of the system
measurements. However, this is a subject for futuraresse architecture. Marked on the diagram are the reference and

over receivers. The two receivers are connected byadirdat

obslgr gtr.gﬁr :aor'ocrinsak%r Tpr%';“) Er;negtsutrﬁem%r:sé gr‘% rST:%rt‘fl‘[hat is used to send signal parameters from the refere
vation per (or windows) S "eceiver to the roving receiver. Signhal compariand position

receivers must be synchromseq. This is to ensure that t'EJl%termination is accomplished at the roving receiveste khat
observation windows are approximately placed to observe thg, "y ree  functional blocks of the reference receivar ar
same portion of signal as it appears at two differentitma mirrored in the roving receiver

In principle, the receiver clock offset term in thesipion
solution may be used to periodically resynchronize therrov  The first stage in each receiver is the Radio FrequéREE)
receiver clock with that of the reference receiveriideoto  front end; this block comprises a wideband antenna, followed
maintain alignment. However, initial time synchronizationby analog signal conditioning components and finally &CA
must be performed before a position solution is availdbilee  The ADC issues a digital snapshot of the entire spectrum
option is to incorporate synchronization pulses in @ dink

between the rover and reference. The second stage in each receiver is the signal selecti

block. This selects a sub-set of signals from thediciate
signal set. This procedure currently relies on an appairi-

IV.  SvSTEMDESIGN priori position prediction. The a-priori position is dséo
. qguery an almanac database that contains a list ofIsitmet
A.  System Architecture offer good positioning potential for that particular locati®he

A differential Signal of Opportunity (SOP) system operatesalmanac database has been developed by considering a
by simultaneously capturing multiple AM signals. In e@8YP  combination of factors, such as propagation loss, ttenerf
systems (see, for example, [9][14][15]) the process otross channel interference and signal geometry, althach
simultaneous capture was accomplished by arranging a setarfe used to assess the eligibility of a signal for tjpmsing.
narrowband receivers in parallel. For these systemdh eaddditionally, the almanac database is needed to match a
narrowband receiver was tuned to receive only one sinal received signal to its transmitter source — informathuat is
any one time. In addition, reference and rovers wereequired by the positioning algorithm. Following selectite,
coordinated so that they were tuned to the same sdtmafs chosen signals are isolated from their neighbors by-pasd

filtering. The isolated signals are then down-convered



non-coherently demodulated. What remains is a set afalled generalized cross correlation (GCC). GCC isethod
baseband audio signals. that was proposed by Knapp and Carter in 1976 [16]. The
technique involves the application of a pre-filter priorctoss
Yeorrelation. The pre-filter is designed to improve tHeOR
estimate, in general, by amplifying the regions o #ignal
spectrum that has high signal to noise ratio, whitenagting

the regions which have low signal to noise ratio [17].

The signal selection block is followed by the signal primin
block. The signal priming operation prepares the sigfuels
transmission across a datalink. This is achieved by aypphbyi
threshold to the signals in the frequency domain, toeaehi
what is often referred to as, a sparse representalibis
procedure is discussed further in section IV B. The technique that has been used to implement GCC first
The comparison block cross-correlates signal IOairsreqlwres spectral estimation. Spectrgl estimation e::l us
Specifically, it takes the rover receiver signals andeates dellyer frequency.doma[n representations of the signals. _In

’ particular, an estimate is made of the cross power rgpect

them with counterpart reference receiver signals. dittput : : S .
: h ) y (CPSD) function. This function is formed byitak
from this block is a set of TDOA measurements correspgnd " o&timated frequency spectrum of one of the sigma

to the signal pairs. The position determination block employ§nulti L : .
. . . plying it by the complex conjugate of the estimated
the set of TDOA estimates, together with the known trétesm frequency spectrum from the other signal (see, for piam

locations, to solve for position.
P [18][19][20]).

B. Extraction of Timing Information Following spectral estimation, a prefilter is applieg b
; oo multiplying the CPSD function by a weighting functionThe

timeI:: o[ji;]%eie?ésger; d:r-':-i(\?/g?e?_l,_[;toli)ni?etsvigrysrgngs alaare; weighted CPSD function is converted to the time domgin b

described in section Il B, the TDOA. is the differenice performing an inverse Fourier transform. The resulting

arrival times, according to local clocks, of a sigmalasured at fmugcp:gnnzso?n ﬁ'sctémcac:rereosf g:q%scrtgstshgogﬁﬁg?gdfugfﬁg%f he
reference and rover locations. Ximu whi P ! valu

TDOA.
For AM broadcast signals, one possibility for obtaining . S
TDOA measurements involves measuring the carrier phase o In order to achieved sub-sample precision it is necessary
the two signals. The carrier phase measurements are th terpolate bgtyveen 'the Sa'.“p'es O.f the Cross correlation
differenced and multiplied by the common frequency of th unction. - This is aCh"?"ed using a using a techmque'hm;ed
two signals to arrive at a TDOA measurement. Howeher, analog'ue reconstruc;tlon theory, as descrlbeq in [21].
resulting measurement differs from the desired TDOAFCllowing reconstruction a brute force search algorithrates
measurement by an integer number of periods of the measu € position of the peak, to obtain an estimate ®MOA.
carrier signal. In order to solve for position itniscessary to The performance of GCC is greatly affected by theaghoi
determine this unknown number of periods: a process oftesf prefilter. Examples of common prefilters are smodthe
referred to as ambiguity resolution.  For a system ukas coherence transform (SCOT) and Hannon-Thompson (HT)
AM signals it has been demonstrated [10][11] thatsame filter and the phase transform (PHAT) [17]. The appaipr
environments, noise and re-radiation effects render ampiguithoice of pre-filter depends on the properties of the
resolution impossible. Moreover, incorrect resolutiesults in - transmission channel between the source of the signahand
a position fix that is often many kilometers awegnfi the true  receivers. In general, the SCOT filter performs wélen there
position [10][11]. is strong tonal, or narrow-bandwidth, interference. A H&rf

Another possibility for obtaining TDOA measurements @S been shown to be the maximum likelihood estimator for a
involves comparing the modulation of two signals. Uslik S/9nal in the presence of white noise. The PHAT filies
carrier phase measurements, the resulting measurementsoaﬁﬁn shown to perform well in high signal-to-noise conditions
un-ambiguous. This allows a position fix to be obtaine '
without reliance on ambiguity resolution. As a resulsyatem For AM broadcast signals, the optimum choice of filer
of this form can be expected to be more robust, and lessibject to further research. However, preliminary
susceptible to deterioration in performance in adversgwvestigations indicate that the PHAT pre-filter pemis
environments. However, there is a cost. An AM broadcasfarticularly well for AM broadcast signals that are ieeé
signal is formed by modulating a baseband audio signal ontow@th the highest signal strength. Whereas, for sigmath
radio frequency carrier. The envelope of the resultignasi  relatively low signal strength, the HT filter performsil.
takes the same form as the modulating audio signal. EBeen t . . ) .
highest audio frequencies contained on the envelope are N addition to the choice of pre-filter, preliminary raseh
approximately 1000 times less than the carrier frequefitys indicates that the content of the modulation greatfigcsd the
makes it much more challenging to obtain high accuracfccuracy of TDOA estimate. For example, when the spect

TDOA measurements from the modulation than from th@f the modulation is flat and of low received power the
carrier — even though the measurements aren't subject gigcuracy of the TDOA estimate tends to be extremely.poo
ambiguity. Whereas, when the spectrum of the modulation is of high

received power with pronounced peaks the accuracy of the
The system presented in this paper obtains TDOADOA estimate tends be at its highest.

measurements from the modulation content. The mastulat

signals are brought together and compared using a technique



V. POSITIONING QUALITY ASSESSMENT signals for positioning.

Assessing the positioning quality of AM broadcast signals The coverage model used to construct the plots shown in
is motivated for two reasons: 1) to predict suitab#ing likely  Fig. 3 and Fig. 4 is based on a simple propagation formula
performance of the system 2) to assist in the a-psieiction  [24][25]. It should be noted that the model makes many
of a set of signals for correlation. simplifying assumption. For example, it has been assuhatd
the terrain is flat with a homogenous set of eledtrica
parameters. Moreover, it has been assumed that ttéersmi
issue an azimuthally isotropic signal. It should ppraciated

at some of the AM transmissions included are pufptge
ngctional. In addition, the model fails to account éwoss-
channel interference, which has the potential to rendegral
unusable for positioning. Cross-channel interference is

Shown in Fig. 3 and Fig. 4 are plots of the coverageparticularly pronounced on channels that are used within the
according to a simple model, of AM MF broadcast signaldJnited Kingdom for the transmission of single frequency
across Great Britain. Fig. 3 shows a predictiothefnumber  networks (SFN). Additional, potentially important, un-geted
of signals that can be received at any one locatian.thé effects include urban fading and sky wave interference.
population-dense southern region of Great Britain the number
of signals received approaches its maximum of approxiynate
thirty, whereas in the sparsely populated northern regignal
reception drops to a minimum of three signals. Alsmshon

Great Britain is in International Telecommunicationsdgni
(ITU) region 1. In this region the medium frequency sectb
the spectrum used for AM broadcasting spans from 531 kHz
1602 kHz. It is split into 120 uniformly spaced channels of
kHz. However, because of channel re-use, there are ma
more stations than there are channels.

The model assumes a reception threshold. The reception
threshold is the cut-off received power level below whioh
signals are considered unusable. An estimation of thisftut-
the plot are the transmitter locations (marked witangles). level has been made using empirical data obtained from the

Incidentally, there are 94 transmitter sites and 232 bregglca d€Monstration apparatus. In using empirical dataained to
[22][23]. accommodate for antenna and front end losses that nught o

in addition to propagation losses. Details of the dematiitr
Shown in Fig. 4 is a plot of the Horizontal Dilulution of apparatus are presented later in this paper.
Precision (HDOP) across Great Britain. HDOP is asuoee of
the geometry-dependent effects on precision [5][13]. In the VI. PRELIMINARY TRIALS
context of this system, it is the ratio of the TD@#riance for
the set of chosen signals to the root mean square of the
horizontal position error. The HDOP for this charasv A pemonstration System

constructed for a system that used all available camdidat " .
A demonstration system has been developed to prove the

HDOP
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Figure 3. Number of signals received across GrediBr Figure 4. Simulated HDOP across Great Britain



concept of AM positioning and predict the performance of ahe active high-frequency antenna). The apparatus cormsprise
real-time system. In a similar manner to the systezsemted the following parts:

in sections Il and IV, the demonstration system conaprisf
reference and rover receivers. Both receivers includ®Rn
front end that is used to obtain a digital snapshot of the

e An active high-frequency antenna (Watson)
followed by a 1.9 MHz low-pass filter.

spectrum. Subsequent processing is then carried out lgigital « A 14-bit 140 MS/s analog-to-digital converter

To allow real-time operation the system presented in (Analog Devices AD9254 on an Altera HSMC
sections Il and IV incorporates a datalink. Howevergase data capture board) that is used to capture the RF
implementation, the demonstration system has been designed signal.

to operate without a datalink. Instead, the digitized dratps
stored in memory modules by the reference and rover
receivers. Following a trial exercise, the data onntfeenory
modules is downloaded to a PC for further processing.

Due to the absence of a datalink, it is necessaryhier
demonstration system to employ a method of synchronthig
observation windows used for correlation that does elgtan
the transmission of either clock corrections or syoeization
pulses. This has been achieved by incorporating a Global
Positioning System (GPS) receiver into each of the
demonstration system receivers. Timing information eeriv
from the GPS receiver is subsequently extracted ardi fose
synchronization. It should be appreciated that this reliance on
GPS is only a feature of the demonstration system axidté
system proposed in sections Ill and IV can operateepntir

Figure 6. Photo of demonstration system apparatus
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Figure 5. Schematic of demonstration system apysrat

independently of GPS. L .
e Hardware that is implemented on a field
Shown in Fig. 5 is a schematic of the demonstratioresyst programmable gate array (FPGA) development
apparatus that is located at the reference and rovatidos. board (Altera Cyclone Ill 3C120 development

Also, shown in Fig. 6 is a photo of the apparatus (not e board), that writes the ADC data samples to



memory and then, once the capture is complete, Displayed in Fig. 7 is a map of the test region. Thd lase
writes the data to a personal computer via a Joinbver the region is a mixture of urban and rural. Acribes
Test Action Group (JTAG) interface. A processor region, the terrain height varies by up to fifty metdviarked

is instantiated within the FPGA that configures theon the map are the positions of the reference and regeiver
capture hardware, provides user feedback via @airs and their corresponding hypothetical connecting lirees (
liquid crystal display (LCD) and primes the their baselines). The arrows on the baselines are drawn from
capture system when a push-button is pressedhe receiver that has been designated as the refetreribe
ready for capture synchronization via the GPSreceiver that has been designated as the rover. Thinbasie
time pulse. The development board provides the™ trial is denoted by; . Note that two of the trials, trials 3 and
10MHz sample clock for the ADC. 4, share a common baseline.

* A GPS module residing in a Terrafix TVC3000 Shown in Fig. 8 and Fig. 9 are photos of trial tmues. In
vehicle computer system, configured to produce dhe photos the white elongated cylinder contains theeact
time pulse at the start of each minute, as define@ntenna that is part of the demonstration system asar
by GPS time. The pulse is used to synchronize th&ig. 8 is the location used for base receiver in tiiadsd trials

capture of data at two different locations. 2. The location is on the top floor of a brick buildingigh
has some cast iron supporting structure. Fig. 9 is repias/e
B. Trial Experiments of all other receiver locations that were used. Thesatibns

A series of preliminary trials have been conducted usiag were outside in regions of mixed urban-agricultural land use

demonstration system described. The trials were condutted i For the five trials, a GPS fix of the receiver locatiovas

an area located on the outskirts of the city of Stokiné U.K.  obtained from the module that was incorporated into the

Presented in this paper are results from 5 trialsekoh trial, a demonstration apparatus. The GPS receiver positions were

0.5s snapshot was used for position determination. Over thged to: 1) provide a ‘known’ location of the referenaeineer

- as required and by the position algorithm; 2) provide a
location for the rover that

Figure 8. Reference receiver location used in tlisdsd 2

Figure 9. Representative of all receiver locatiovith the exception of the
reference receiver locations used in trials 1 and 2

Figure 7. Preliminary trials test region

series of trials, the separation between the referenceoaad could be compared to the SOP derived fix. The GP&verc
in each trial varied from approximately 1.5 km to 5km. used was consumer grade and had an accuracy of
approximately ten meters.



Fig. 10 displays the difference between GPS-derived
positions and SOP-derived position for the five fixesOf
interest is that the position offset between the twesfiwas
always towards the west. It is possible that this wastwrend
was caused by a bias in one or more of the TDOA
measurements. The TDOA measurements could be biased as a
result of cross-channel interference or the use of liacor
transmitter locations, however this is subject to fmth
research.

Further details of the trials are presented in Table 1.
Different sets of signals were used for the trials. Timalver of
signals ranged from 6 to 9. Due to transmitter siteirstpafor
all trials, the number of transmitter sites was ldsntthe
number of signals. The root mean square (RMS) of the
position error was 321m.

TABLE 1. TRIAL RESULTS

Trial Lim Ne Ny | HDOP Position Error/n'ﬂl
East North Dist

1 4898 8 5 0.8584 -11.8 26.2 28.7
2 3599 8 4 1.0092 -122.1 -180.5 217.9
3 1397 6 4 11161 -241.8 158.4 289.0
4 1397 9 5 0.8558  -442.0 387.% 587.8
5 2540 6 4 1.7346 -194.1 -147.1 2436
L: baseline lengthNs: number of signalsNr: number of transmission sites will

how the signal is modulated or even whether the modulation

500

400

North Error/m

300

200

100

East Error/m

-500 -400 -300 -200 -100 100 200 300

-100

-200

-300

Figure 10. Position error for five trials

used for correlation. Additionally, the system perforneaie
likely to improve by improving signal coverage modeling, s
that the optimal subset of signals can be selected.

Positioning methods that combine modulation and carrier-
based TDOA measurements, as described in Section lbavill
assessed with the aim of obtaining a more accurat¢iopos
solution.

Finally, the modulation correlation-based ranging metho

be extended to work with generic signals, regardiefss

format is known. The first step will be to modify the

VIl.  CONCLUSION AND FUTURE WORK

The results from five preliminary trials demonstratieat it
is possible to obtain a position solution accurate tfeva
hundred meters using the modulation content of AM broadcas
signals. GCC has been shown to be an effective method of
obtaining a TDOA measurement. Further, a position fis wa
obtained even when one of the receivers was located iaside
brick building. This indicates that the system achieves
robustness that cannot be achieved for systems thaipssate
on the AM broadcast band but use phase positioning alone
[10][11].

Multiple areas for further research to improve the pasitio
accuracy have been identified. Ranging errors will bdll
investigated using further trials data in order to trg gonantify
the bias-like and noise-like components. The impact of
modulation content (for example, speech versus musicjalsig 2]
to noise level, terrain, and reception environment owirey
errors will be studied. Furthermore, the relationship betw
the sharpness of the correlation peak and the ranging eritb  [3]
be investigated. This should enable the various TDOA
measurements within the position algorithm to be weighted
according to their accuracy. Outlier detection will bel4
implemented to minimize the impact of erroneous TDOA
measurements on the position solution. (5]

Improvements in performance can also be expected by
careful selection of the optimal pre-filter, and sigeagment

correlation algorithms to use modulated signals,

eliminating the amplitude demodulation step. Followthgg,
tests  will
broadcasting band.

thus,

be conducted using signals outside the AM
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