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INDOOR SOURCE LOCALIZATION VIA
DIRECTION FINDING TECHNIQUE

ABSTRACT

The location of an indoor transmitter such as a nobile phone in a building can be
determined by messuring power or rddive timing of the transmitted sgnd from
smultaneous recaivers located in the vicinity of the tranamitter. A radio location finding
sysem, condgting of two or more equivaent direction finders (DF), is placed outsde of
the building to pinpoint a transmitter located ingde the building. Once the bearing angle
is obtaned from each DF sygem, the podgtion of the trangmitter is smply the
intersection of the bearings from the direction finders. In our experiments, we mostly
concentrated on the performance of suggested DF system for both indoor and outdoor
applications.

We implemented a one-coordinate direction finder to determine only the
azimuthd angle of arivd (AOA) of the tranamitted sgnd. Each DF sysem is
composed of two dipole antenna array, receivers, and a laptop computer. A 4channd
sampling oscilloscope with a maximum sampling frequency of 4 Gg/s is used to recelve
and digitize the recaved dgnds The digitized sSgnds are then transferred to a laptop
computer over a General Purpose Interface Board (GPIB) interface for further andyss
to extract AOA information. Extraction of AOA information is based on time dday
measurement technique. An dectromagnetic wave impinging on two antennas Separated
by a disance of d experiences a time dday. The time difference of arivd between the
receved dgnds a the antenna terminas can easly be found by cross-corrdating the
dgnds The dday is edimaed as the time lag vdue where the pesk of the cross
correlaion of two antenna sgnas occurs.

Many experiments ae redized in diffeent environments such as anechoic
chamber, an indoor RF laboratory and open air Stes to measure the performance of
direction finder. Udng the data we have collected, we modded a location finding
sysem conggding of three equivaent DF sysems located around a building. The



samulaion results show tha the proposed smple DF system will work reasonably well
for the location of atranmitter inside a building.

The proposed DF system is a trade-off between a highly sophidticated, but not
eadly deployable system such as a phased array DF and a smple amplitude comparison
DF sysem. Accuracy of the sysem will be higher compared to that of an amplitude
only sysem, and aso will have an ease of implementation compared to that of a phased
array system.

Vi



YON BULMA YONTEMI ARACILIGIYLA KAPAL| YERLESKELERDEKI
BIR VERICININ YERININ TESPITI

OZET

Mobil teefonlar gibi  dektromanyetik yayin  ygpan bir vericnin  bir bina
icerigndeki  yeri, dic cikidarindeki isxetlerin glcleri ya da birbirlerine gore zaman
faklai Olcllerek bulunabilir. Bina igindeki bir vericinin yerini  tespit emek icin,
birbirine iki ya da daha fazla yon bulucudan olusan bir konum bdirleyici, binanin disna
yerledtirilmektedir. Vericinin konumu, her bir yon bulucu (YB) tarafindan gonderilen
a huzmderinin kessm bolgesndedir. Kapdi ve agik ortamlarda yaptigimiz  deneyler,
daha ok Oneilen yon buluculain peformandaini tet emeye yondik olarak
gercekledtiriimidir.

Bu cdismada, gonderilen bir dnydin gdis agisni bulmak amacyla Onerilen bir
yon bulucu gergeklenmidtir. Yon bulucular ardarinda d kadar uzaklik bulunan iki dipol
antenden, bir dicddan ve bir dizigtl bilgissyardan olusmaktadir. Anten isaretlerini
dmak ve syidlagirmak icin en yiksek oOrnekleme frekans 4Gs/s olan 4-kandli bir
ogloskop kullaniimidir. Isxetler daha ileri andizler igin GPIB baglantisyla bilgisayara
aktarilmaktadir. Aci  kedtirimi, zaman faki dlcimleri yontemine dayanir. Ardainda
beli bir uzaklik bulunan iki antene ulasan dektromanyetik snydler arasnda bir zaman
gecikmes sz konusudur. Gelis agis kedtirimi i¢in, sayisal bir isaet ideme metodu
oan caraz iliki idevinden fayddanilmigir. Bu idev anten cikisndaki isaretler
aaandaki zaman farkini Olgerek, varis agisnin  hessplanmasni sglar.  1ki isaretin
cgpraz iliski egrisnin maksmum oldugu an bu iki isret arasndeki zaman gecikmesine
denktir.

Onerilen yon bulucunun performand, tam yansmasiz oda, laboratuar ortami ve
acik dan gibi fakli kosullarda test edilmis ve 6zdlikle agik aanda basariminin oldukca
yuksek oldugu anlasimidir. Elde edilen tet sonucglari isiginda, bilgisayar ortaminda, bir
bina cevresne yelediriimis 3 fakli YB dgeminden olusan bir konum beirleme

ggemi dmule edilmigir. Smulasyon ile elde edilen sonuglar, bdyle bir konum

viii



bdirleyicinin  bina igindeki bir vericinin  yerini  yikssk  dogrulukla  belirleyecegini
gogermidtir.

Ongilen YB ddemi, bina igindeki bir vericinin  yerinin - belirlenmesinde
kullanildiginda yeterince iyi sonuclar verecektir. Literatirde yUksek dogrulukta cdisan
ve kamask faz Olgimlerine dayanan yon bulma Ssemleri mevcuttur. Fekat bu
sstemlerin gergeklenmes gok zordur. Ote yandan, basit genlik dlcimlerine dayanan,
gerceklenmes kolay yon bulucular da bulunmaktadir. Bu sstemlerin ise basarimi ¢ok
kotudar. Yukarida anldildigi gibi zaman farki dlcimlerine dayanan bir yon bulucu, hem
basarim kriterlerini yeterince saglayan, hem de gergeklenmes kolay bir YB sstemidir.
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The location of an indoor transmitter such as a nobile phone in a building can be
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samulaion results show tha the proposed smple DF system will work reasonably well
for the location of atranmitter inside a building.

The proposed DF system is a trade-off between a highly sophidticated, but not
eadly deployable system such as a phased array DF and a smple amplitude comparison
DF sysem. Accuracy of the sysem will be higher compared to that of an amplitude
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1. INTRODUCTION

1.1 Motivation

The location of an indoor transmitter such as a mobile phone in a building can be
determined by measuring power or relative timing of the transmitted dgnd from
smultaneous receivers located in the vicinity of the trangmitter. Two or more direction
finding (DF) sysems may be placed outsde of the building to pinpoint a trangmitter
located indde the building. Once the bearing angle is obtained from each DF system,
the podtion of the trangmitter is dmply the intersection of the bearings from the
direction finders. Figure 1.1 shows the smulation of such a location finding system.
Three direction finders are located around a building. The scded digitd mep of the
building is displayed on the interface. The source is a the intersection region of three
bearings from each DF system.

|E3 CENTRAL MONITORING UNIT i 1O x|
Angle Amplitude
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Figure 1. 1: Smulaion of alocation finding sysem



The performance of the location finder is directly proportiond to the performance
of direction finders. In our experiments, we mostly concentrated on the performance
measurements of suggested direction finding system a various environments such as

indoor and outdoor.

1.2 Radio Direction Finding

Radio direction finding (RDF) is the process of locating, tracking and
diginguishing various radio tranamissons by means of a radio direction finder. Radio
direction finder is a device that determines the AOA or the bearing of a radio frequency
sgnd. An RDF sysem edimates an emitte’s bearing by operating on the energy
extracted from the recelved dectromagnetic wave. The bearing information can then be
used as a parameter in the identification of communication systems.

Numerous DF techniques have been formulated and many operdtiond systems
have been developed to satisfy a wide variety of technical and operationa requirements.
DF has become increasingly popular in military, governmentd, commercid and civilian
aoplications. It is extremey important in COMINT gpplications for military purposes. A
successful eectronic attack is possible if a successful dectronic warfare support system
IS used to messure the direction to the victim emitter. Interference source loceation,
emisson control, frequency management, Spectrum management ae some other
important application aress. There are dso some research issues concerning with DF
applications like advanced Communication Intelligence (COMINT) invedtigetions, DF
network architectures, radio noise definitions and remote environmental sensing.

Direction finding sysems beadcdly determine the AOA informaion by three
measurement methods. amplitude response, phase ddays and time ddays. A smple
literature survey showed that the amplitude response DF systems do not perform very
well in mogt of the practicd sysems. They ae subject to high environmentd and
indrumenta effects yieding a bad resolution performance [1] [2]. Time dday and
phase delay methods, on the other hand, are drictly related to each other, Snce a time
delay can be estimated from phase measurements or vice versa. The edimation of time
difference between two sgnds becomes a very easy process by the use of a smple
ggnd processing tool: the digitd cross correation method. Consequently, a basic Time
Difference of Arrivd (TDOA) bassd DF sysem can essly be redized with



commercidly avalable ingruments in a laboratory environment while the AOA
information is extracted by the help of digitd sgnd processng methods.

We implemented a one-coordinate direction finder to determine only the
azimuthd angle of arivd (AOA) of the trangmitted dgnd. The dgnd sent from a
transmitter arrives a each antenna a a time proportiona to the distance between the
trangmitter and antenna. The DF system is composed of two antenna array, recelvers,
and a laptop computer. A 4-channd sampling oscilloscope with a maximum sampling
frequency of 4 Gs's is used to receve and digitize the received sgnds. The digitized
dgnds are then transferred to a laptop computer over a GPIB interface for further
andyds to extract AOA information. Extraction of AOA information is based on time
delay measurement technique. An dectromagnetic wave impinging on two antennas
separated by a distance of d experiences a time dday. The time difference of arriva
between the received sgnds a the antenna terminds are found by cross-correating the
ggnds. The deay is edimated as the time lag vdue where the pesk of the cross
correlation of two antenna sgnas occurs

This thess includes the principles and performance test results of such a two
antenna array, TDOA based DF system to be used in the location finding of an indoor
transmitter. We dso smulated a location finding system composed of three equivdent
DF systems modedled in accordance with the experimenta data obtained. It is shown that
the system will work fairly well in redigtic environments.

In Chapter 2, the genera principles of radio direction finding are invesigated and
traditiond DF techniques ae reviewed. Amplitude response, phase differentid to
amplitude response, phase comparison and time dday DF methods are discussed in
detail throughout this chapter. It dso includes the theoretica bads of source locdization
via DF technique.

In Chapter 3, the basic principles of the suggested DF system are presented. The
process of time delay estimation via cross corrdation is explained theoretically. Chapter
3 dso introduces the limitations of the proposed DF method like the antenna spacing
limitation and sampling rate limitation. These two redrictions cause the resolution
performance of the sysem to decrease. Frequency down converson and signd
reconstruction methods are presented to overcome the mentioned resolution problem.

In Chapter 4, the results of many experiments, redized in various environments to
measure the performance of the system, are discussed. This chapter dso includes the

amulaion results of frequency down converson and signd recongtruction methods to



optimize the resolution performance.  Using the experimental data we have collected, a
location finding system is smulated in computer environment. The smulaion results
are included in Chapter 4.

Conclusions and future work are given in Chapter 5.



2. THEORY OF RADIO DIRECTION FINDING

2.1 Bascsof Direction Finding

The man function of an RDF is to deermine the AOA of an incident
electromagnetic wave as receved a the RDF dte. A basc RDF condsts of four
essentia functional dements. antenna, receiver, bearing processor, and  bearing display
asshownin Figure 2.1.

The antenna is the main dement of the DF system. The antenna may be composed
of a one sngle rotating antenna or an array of spatialy digtributed sensors. The output
voltages produced by these sensors contain some characteristics (phase and/or
amplitude) that are measured. Since these characteristics are unique for every angle of
arivd in a wdl-desgned antenna, the bearing can be determined by processng and
andyzing the antenna outputs. The DF antenna is the key dement in the performance of
the overdl sysem. It should be properly desgned for chosen measurement technique
(phase or amplitude measurement techniques).

The recelver is connected to the output of the antenna and povides the standard
ggnd processing festures common to dl recavers (input presdection, frequency
conversion, IF filtering, etc.). The characterigtics of receivers depend on the chosen DF
technique. For single-channd amplitude-response DF systems, the recaiver is redively
ample and functions as an RF voltmeter to measure the antenna amplitude response.
Conversdy, for multiple-channel, phase and time differentid DF systems, the receiver
is relativdy complex, providing both andog and digitd processing and parameter
measurements.

The bearing processor recovers the DF bearing information embedded in the
dgnd to edimate basc AOA information and condition the data for display read-out.
The complexity of the processor is determined by the DF technique and application.

The information processing-read-out-display unit prepares the basic AOA data for

transmisson to usars of the DF information.
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Figure 2. 1: Functiona eements of radio direction finding.

2.2 General Direction Finding Principles

Figure 2.2 shows a directionfinding (x,y,z2) spdia coordingte system with the
RDF located at the (0,0,0) point. The angles of arrival associated with the direction of
ariva ae the azimuth angle, f, measured from the x axis a -xy plane, and the devation
angle, g, measured from the zaxisa -zx or -zy planes. An ided direction finder would
be capable of working over a wide band, 360° of azimuth and 90° of eevation, of
deding with dl forms of modulation and of giving accurate and rdiable bearings, even
on comparetively brief trangmissons.

In generd, it is assumed that the dectromagnetic fidd incident on the RDF is a
fa-fidd planar wave with linear polarization. The behavior of dectric and megnetic
components of a dectromagnetic planar wave emitted from a current carrying wire are
shown in Figure 2.3. Bascdly, the dectric fidd of a wave may have both tangentia and
radid components. The wave is sad to be linearly polarized, if one of he dectric fied
components is zero. In DF caculations, it is assumed that the podtion vector of the
wave remains perpendicular that gives a planar propagation. So the radid Efidd is zero
and the polarization is linear. The tangentid E-fidd, E;, and the tangentid H-fidd are in
space quadrature. The field vectors are orthogond to the propagation direction. The

direction of propagation isindicated by Poynting’s vector, S.
Bascdly, the function of a DF system is to define avector Q pardle to S such
that Q isin the direction of incident eectromagnetic wave.
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A ful-capacity RDF should measure the AOA in three-dimensona space.
However, in most of the agpplications it is required only to measure f, in the azimuth
plane. A one-coordinate RDF system provides AOA information in only one plane,
usudly the azimuth plane. A two-coordinate RDF system on the other hand provides
AOA information in both azimuth and eevation plane. Most of the DF systems are one-
coordinate systems giving only the azimuthd AOA information.

The measured angle of ariva, f, is dso cdled as the bearing angle or the line of
bearing (LOB). The term “bearing” is defined in [4] as “the horizontal direction of one
point from another, expressed as the angle in horizontal plane between a reference line

and the horizontal projection of the line joining the two points” .

2.3 Review of DF Techniques

Radio direction finding began during the early years of twentieth century with the
work of Hertz, Marconi and Zenneck on directive antennas [5]. Experience with loop
antenna direction finders showed that they are subject to large errors when used on sky
wave dgnds ariving from unknown angles. In 1918, the Adcock antenna was
developed in which the various sources of dte eror and instrumenta error were
gradudly identified and reduced [5]. The Adcock DF was increasingly studied during
1930s and was used extensvely during the Second World War. By 1940, the firg
generation of direction finders was in operation. Firs generation DF systems were
based on amplitude and/or amplitude to phase measurement techniques and they have
been used effectivdly in numerous agpplications. But there were many limitations when
they are used on ionosphericaly propagated sgnas. Pardld to the advances in receiver
architecture, microprocessors and manufacturing  technologies, second generaion
sysems are developed. These systems are concentrated on phase and differentid time-
of-arriva techniques.

Modern, radio direction finding systems are composed of a DF antenna having an
aray of spatidly digtributed dements. When an emitter of interest is not at the boresight
of the antenna, the output voltages produced by these dements will have some
characterigtics in terms of phase, amplitude or both. The AOA information (bearing)
can be extracted by processng and anayzing the complex output voltages, since these
characteristics are unique for every receved azimuth information. We may separate the
DF techniques into four main categories:



Systems using the amplitude response of the antenna subsystem
Sysdems usng the phase difference between antenna dements with the phase
differentid is converted to amplitude AOA informetion
Systems using the phase differentid between antenna dements
4.  Sysgemsusng thetime-of-arrival difference between antenna dements

Each category may be subdivided into classes based on antenna type, receiver
channelization level and AOA acquisition technique. The following sections discusses
the main principles of each category.

2.3.1 Amplitude Response DF

This category includes mogt of the earliet DF systems. Amplitude response DF is
redized usng a sngle-loop antenna which is rotated about a verticad axis. Approximate
AOA information is determined by noting the signd maxima direction on the obtained
cardioid pattern.

Amplitude response DF is dso redized by usng two or more antennas. The
antennas are configured in such a fashion that the rdative amplitudes of ther outputs
are unique for every AOA vadue. Bearings can then be computed by appropriately
andyzing the rdatve amplitudes of these output voltages. Amplitude response DF
techniques contain bearing ambiguities [5].

One of the important gpplication of amplitude comparison DF technique is known
as Wason Wait DF which provides the ingtantaneous AOA information by measuring
the sgnd amplitudes a antenna outputs [16]. It is a multiple channd system in which
there are two dipole antennas and a mono-pole antenna attached to separate receivers.
This antenna is adso caled as sense antenna. The sense antema is idedly located in the
center of the dipole antennas. If the sense antenna was not used a 180° ambiguity would
result. The dipole antennas are arranged o that their nulls are right angles to each other.
Thus one of them comprises the north and south aerids while the other comprises east
and west agrids Each of the dipole antennas has a figure-of-eight pattern. The Watson
Waett DF antenna is dso cdled as Adcock DF antenna. The azimuthd gain patterns of

dipoles and sense antenna are shown in Figure 2.4.



SENSE
Figure 2. 4 : Adcock DF antenna azimuthal antenna gain patterns

The voltages produced by the three antennas are dectronicdly processed in the
DF antenna and then sent to the DF recaiver. The output of the DF antenna is a
representation of the voltages gppearing a the x- and y-axis bi-directiond outputs. By
the use of a modulation scheme in the DF antenna, al three DF antenna outputs (x-axis,
y-axis, and sense) can be combined into a single composite sgnd and this sngle sgnd
can be st to a dngle channd receiver. The receiver then processes this sgnd
(filtering, digitizing etc) and convet it to a lower frequency suitable for further
processng a DF bearing processor. The dsingle channe DF bearing processor accepts
the sgnd and separate the sgnas again to convert them into two DC voltages (x- and
y-axis DC voltages) that are proportiond to the respective amplitudes at bi-directiond
antennas. The bearing is computed using a 4-quadrant arc-tangent agorithm

2.3.2 PhaseDifferential to Amplitude Response DF

The sygems in this caegory are amilar to the systems of first category in which
the AOA information is obtained from dgna amplitude. However, for the sysems in

this category, the amplitude information is obtained from the phase dday t between
antenna eements as shown in Fgure 25. This technique is a wel-known Adcock DF

technique [1].

10
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Figure 2. 5: Phase delay-to-amplitude DF technique.

The 180° hybrid is a four-port network as shown in Figure 2.6. 180° hybrid is
operated as a combiner, with input signds agpplied a ports 2 and 3, the sum of the inputs
will be formed a port 1, while the difference will be formed a port 4. 180° hybrid
produces an output a port 4 that is proportiond to the phase difference, t = kdanf ,

between incoming Sgnas|8g].

(S) 1 2

180°
(D) hybrid

Figure 2. 6: Symbol for a 180° hybrid junction
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2.3.3 Phase Comparison DF

Phase comparison DF sysems determine AOA information by direct phase
comparison of the sgnas received by separated antennas. At least two separated
antennas are needed in this case. Such a two-antenna system is shown in Figure 2.7. The
antennas are d meters gpart from each other and the incident wave is @ an angle of f .
The propagating wave is recaved a antenna 1 firs and travels an additiond distance
(dgnf ) to reach antenna 2. So the sgnd needs additional time to reach antenna 2. Due
to this extra time, the phase of the sgnd received a antenna 2 is different from the
phase of the ggnd recdved a antenna 1. For example, a plane wave ariving
perpendicular to the array axis f =0°) would result in a phase difference of zero snce

the signa reaches both of the antennas at the sametime.

Suppose thet the expresson of the signd a antenna 1 is V, = Aexp( jwt) . The
dgnd a antenna 2 will be the ddayed verson of the dgnd a antenna 1. Therefore,
V, =aAexp j(wt-t) where a is the amplitude coefficient and t is the phase
difference. Due to free space atenuation, the sgnd amplitude a antenna 2 is usudly
sndler than the sgnd amplitude a antenna 1. The phase difference between two
antenna sgnalsis expressed as,

t =(2pd/1 )dnf (2.2
and
f =acdan(tl /2pd) (2.2

The bearing angle f can be edtimated by measuring the phase difference and

replacing it in the formula given in (22). It is assumed that the disgance d between

antennas and wavelength |  are known.

A phase comparator is used to messure the phase difference, t , between antenna
channels. The outputs of each antenna eements are received and processed to convert to
an IF sgnd before entering to the inputs of the phase comparator.

Doppler method is one of the most popular methods using the phase comparison
technique [1]. In a Doppler sysem, the recelved frequency from a moving antenna
experiences a frequency shift created by Doppler effect. If the antenna moves dong a
radid axis with respect to the emitter podtion, the Doppler shift will be maximum. No
Doppler shift will occur if the antenna movement is tangentid to the direction of
propagation. The maximum and minimum Doppler shifts may be used to measure the

12



bearing of the incident sgnd. If the antenna rotates on a circle with radius r, the
Doppler frequency dhift will vary snusoiddly. If f, is the rotation rate and | is the
sgnd waveength, the peak Doppler shift can be given as

2prf, /I (2.3).

The dgnd bearing is tangent to the circle of rotation a the maximum Doppler
point and isin the direction of antenna movement.

In practice, a red mechanical antemna rotation is not used, but emulated via fast
switching of sensors caled as Pseudo-Doppler technique. Pseudo Doppler DF is based
on sequentid phase measurements from a circular aray of fixed antennas sequentialy
switched to a common receiver. Sequentid sampling provides frequency deviations at
discrete angles. The amplitudes measured a discrete sample points can be processed
and averaged to acquire the maximum doppler shift angles and hence bearing

/ INCIDENT
f PLANE WAVE

measurements.
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Figure 2. 7: Phase ddlay DF system.
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2.34 Time Delay Measurements

Time dday and phase dday are drictly related to each other, since a time-delay
can be edimated from a phase measurement if the wavelength and the velocity of the
propagating wave ae known, or vice vesa DF technique, usng time dday
measurements to edimate the angle of arivd, is dso cdled as Time Difference of
Arrivd (TDOA) based DF, which will be explaned in Chapter 3 with more detals.
Instead of measuring the phase difference as in phase comparison method, it messures
the time difference of arivas a two antennas.  Figure 2.8 illugtrates a DF system with
two antennas where the time delay, Dt , between antenna 1 and antenna 2 is given by

Dt =(d/c)danf (2.4)
f =acsn(chDt/d) (2.5
where

f =angleof arivd (bearing angle, in degrees)

d = distance between antennas (in meters)

¢ = vdodty of light

INCIDENT
PLANE WAVE

Antenna 2 Midpoint

d

Dt = (d/ic)sinf

Figure 2. 8: Time dday of arivd DF.
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2.4 Sourcelocalization via DF

The locdization of an RF emitter is the primary interes for most of the DF
applications. Locetion is specified in terms of digances and angles. Angle information
may be found by a single DF sysem. But the exact location of the trangmitter can only
be determined by using a least two direction finders. Bearing from each DF dSte are
plotted to find the exact pogtion of the emitter a the intersection of the line of bearings
(LOBs). The bearings may be obtained from multiple, dispersed DF gdtes or from a
dngle DF dte moving reative to the subject emitter. The coordinates of the DF
locations are known before or determined relative to bearings.

Figure 2.9 illudrates a locetion finding system composed of two direction finders.
The DOA messurement redricts the location of the source to a line. The two DOA
measurements from two sensors are used in a triangulation process to edimate the
location of the source that lies on the intersection of such lines. If DF dtes edimate
AOA pefectly (no error), the source lies exactly a the intersection point. But in
practice DF measurements aways contain some error due to many factors like sampling
effects for digitd DF sysems mutua coupling of antennas, multipath propagetion eic.
Thus, the estimated location of the source is actudly an area of uncertainty. While only
two DOA edimates are required to estimate the location of a source, multiple DOA
edimates are commonly used to improve the edtimation accuracy. Incressing the

number of measurements can decrease the area of the error region.

Areaof location
uncertainity

Figure 2. 9: DF based source locdlization.
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3. TIME-DELAY RDF WITH TWO ANTENNAS

In this chapter, the principles of the proposed DF system is presented. As we
mentioned before, a Chapter 2, the RDF systems determine the AOA information by
utiliziing one of four methods amplitude, phase to amplitude, phase and time dday
measurements. In our study, we used a two-antenna RDF sysem using the time ddays
between sgnds from each antenna to find the angle of ariva. This technique is based
on the fact that, in a two sensor aray, an eectromagnetic wave arives one of the

antennas earlier than the other, since there is an amount of separation between sensors.

3.1 An Overview of the Time-Delay DF Principle

The time dday DF system was illudrated in Figure 2.8. Two antennas receive
radiated sgnds from an emitting source. The eectromagnetic wave, s(t), arives first
a antenna dement 1. The wave arives a antenna dement 2 after travelling an
additiona disance of dsnf . Then a time dday, Dt, between the reception of s(t) at
the two recaivers will be gpparent. The time delay, being a function of the seperation
between two antennas and the velocity of propagation of s(t), can be used to caculate
the bearing of the source from the recelvers This technique is known as Time
Differentid of Arrivd DF (TDOA DF) in literature. Since the time difference imposes a
phase difference between antennas, it isaso caled as “radio interferometry”.

Theazimuth angle f  of the source from the antenna basdline can be caculated

from an etimation of Dt by
danf =cbt, (3.1

f =acsn(cDt/d), (3.2
where Dtis the time delay between the two antennas spatidly seperated by d meters

and cis the velodity of light assumed to be constant at 3 x 10° m/s. The antenna signals,
X, (t) and X, (t) can be modeled as

16



X (t) = S(t) +ny (1) (33

X, (t) =as(t + Dt) + n,(t) (3.4)

where a is an amplitude coefficient, and n,(t)and n,(t) are wide sense dationary,

Gaussan, and mutudly uncorrdated noise components. The target sgnd <(t) is dso

uncorrdlated  with n,(t)and n,(t) and being of finite duration, may be trested
deterministicaly.

3.2 TimeDeay Estimation

The time dday egpparent from the dgnds receved a different antennas is
calculated via cross corrdation approach. Since the direction of the emitter is caculated
by time ddays, the time delay between aray eements has to be cadculated to a very
high degree of accuracy in order to achieve a high performance.

Cross corrdaion of two dgnds, is a measure of Smilarity between them. The

expresson of cross corrdation of two functions like x; ad x,, a one of them is

delayed by timet relative to the other isgiven in Eq. 3.5.
R, () = E[x 0)x,(t +1)], (35)

where E[ ] denotes the expected vaue of the expresson in parenthesis.
It can be shown that the time ingant, where the pesk of the cross correation

occurs, is the amount of time delay Dt between them. The expressons of x; and X, are

given in (3.3) and (3.4) respectivdy. The frequency transforms of the sgnd and noise

components are,
X () =F{x 1)} (36)
S(f) = F{s(t)} (3.7)
N(f)=F{n(v} (38)

where F{ } denotes the Fourier transform of afunction.

We know that the power spectral density can be expressed as

P (F) = F{R,, )} (39)
which, according to the Wiener-Khinchine theorem, is dso equivaent to
P (F) = X, (F)X;(F) (3.10)

When we substitute from (3.3) to (3.8) into (3.10) we obtain
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P, (1) =[S(F)+ N, (F)]as(f)e ™ + N, (£)] (3.11)

Assuming that the dgnd and noise are not corrdated, the cross-spectral dendty

can be written as

P, (F) =aPs(f)e " + Py () (3.12)

We can neglect the effect of P, (f) because n,(t) and n,(t) are zero mean,
Gaussian and uncorrelated noise components. (3.11) may be rewritten as

P, (f)=aP.(f)e ™ (3.13)

which is expressed in time domain as
R ) =aR(t)*d(t - Dx)
=aR_(t - DY) (3.14)
* denotes the convolution operation. R () is the autocorrdation of s(t). The
autocorrdlation function is an even function and it takes its maximum vaue when the
argument is 0. Therefore, R, (t) ismaximumwhent =Dt .

Equations (3.5) through (3.14) show that the corrdation of two signas, where one
of them is ddayed by an amount of Dt rdative to the other, takes its maximum vaue &
time ingant of Dt seconds. Consequently, the time delay between two signas can be
esimated by measuring the time lag vaue where the pesk of the cross corrdation of
these Signd's occurs.

An example of the cross-corrdation estimation is shown in Fgure 3.1. x1(t) and
x2(t) (shown in Figure 3.1 (@) are two digitized snusoidd signads where one of them is
0.5 ns delayed verson of the other. The cross corrdation of x1(t) and x2(t) tken over
one period is given in Fgure 3.1 (b). The dday is edimated from cross-correaion
curve by measuring from the pesk of the main lobe to the time axis origin.

x1(t) and x2(t) are two red dgnas we obtaned during our experiments. It is
ussful to note that the amplitude of the delayed sgnd is smdler. This is because of tha
it is atenuated more since it travels more in free space. The amplitude of the sgnas

aso can give idea about the direction of the source.
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Figure 3. 1: Time delay estimation using cross-correlation method.

3.3 Antenna Spacing

Time dday radio direction finding method shown in Figure 2.8, suffers from a
conflict between accuracy and ambiguity due to the separation distance between two
antenna dements [12]. A smal separdtion (<1 /2) yields poor bearing accuracy; a
longer separation causes ambiguity. The dStatement below shows that the distance
between two antennas should satisfy the conditionthat d £1 /2.

The triangle in Figure 2.8 yidds an equation based on distance between antennas,
d, the vdocity of light, c, the time dday between signds, Dt, and the angle of arrivd,
f as

ddan(f) =cDt (3.15)

Dt =dsn(f)/c (3.16)
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For the noisdess and the losdess case, the snusoidd sgnds a the inputs of
antennas can be expressed in exponentia form

X, () = exp( ] 2pft) (3.17)

X, (t) = exp( j 2pf (t + D)) (3.18)
The dectrical phase difference between the sgnds therefore can be determined
using equation (3.16) as,

Dq = 2pfDt = 2p 3 ‘T”f (modulo 2p) (3.19)

The phase difference will be limited to
-p£Dq £p (3.20)
-1 /2£dsn(f)El /2 (3.21)

which ensures unambiguous results of bearing measurements over the angular range
-pl2£f £p /2 when

dEI /2 (3.22)

On the other hand, it is dso undesrable to have too smdl separation. Since

closdly spaced DF antennas sample a smdler portion of the illuminating wavefront,

sengtivity is reduced. Therefore, there is dso a lower limit on the spacing for the
antennas.

Sengtivity increeses with antenna spacing up to the point where the phase
difference between the signals from adjacent eements begins to gpproach 180 degrees.
A phase difference of 180 degrees correspondsto | /2 inided case. But a phase of 180
degrees does not correspond to %2 waveength in red because the mutua coupling
between the antennas usudly causes the phase to increese over the free space
(uncoupled) condition. In most of the practicd systems, the spacing for the DF antenna
ischosento bebetween | /8 and | /4.[16]

3.4 Finite Sampling Limitation

In digita direction finding sysems, receved dgnds ae converted into digita
format for processng. The sampling frequency f imposes a spatid limitation to the
resolution of the location system even if the signals received are ided, i.e. not corrupted
by noise or modified by any transfer function. Resolution is the cgpability of the sysem
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to edtimate the exact AOA of the source or to separate closaly spaced sources. Figure
32 is an illugration of the resolution error rased from the sampling limitation. The
curve represents the cross corrdation of the antenna signads. In practice, the antenna
sgnds are discrete due to sampling in tme. The true location of the correlation pesk is
not congrained to discrete increments and it may fal between the discrete sampling

points that result in an estimation inaccuracy.

T T T T T T T T T

main peak " * " sampling points

Figure 3. 2: Anillugtration of finite sampling problem

The peak cross-corrdation of two signas x(t) and X,(t) received via a pair of
spatidly separated antennas at spacing d meters will give a corresponding time delay
of t seconds. The range of t is therefore between - d/c and d/c depending on the
location of the source where ¢ =3.0x10° m/s.

A reolution limit occurs due to the finite sampling frequency of a practica
sysem of which the estimated t is quantized. This causes t to change in time steps of
T, . The number of time steps, N for thegivenrangeof t istherefore:

S
cT, ¢

N, =2 21 (3.23)

N, is directly proportiond to the sampling frequency f, and the spacing between

the sensors d. This implies that by increesng f,, dor both, N, will increase
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accordingly. With more time steps to describe a fixed range of time dday t , the time
resolution of the system isimproved.

We need a longer separation for a good bearing accuracy (increase d), but too
wide separation causes ambiguity as explaned in section 3.2, The maximum distance
between antennas is limited to | /2 . The maximum sampling frequency, on the other
hand, is limited to the maximum frequency of the recaver. In our measurements, for
example, we used the 4-channd Infiniium Oscilloscope of Hewlett-Packard which has a
maximum sampling frequency of 4 Gs/s. Suppose that we are trying to find the direction
of an emitter communiceting a a frequency of 1 GHz. The waveength of the radio
source dgnd, the separation between antennas and the number of time deps are
therefore;

f,=4Gs/s
T, =0.25ns
| =c/f =3*%10°/1*10° = 0.3m
d=I1/2=0.15m
N, =2*(4*10°)*0.15/(3*10°) = 4
These cdculations show that the digital cross-correation approach for the
parameters given above will produce N, +1=5 different time delay valueswhich are

(0£T,,x2T,) P (0,+0.25ns,+0.5ns).
The corresponding angle vaues to these time delay vaues are cdculated by the help of
eq. (3.15) as
(0, 30, +90).
This example inferes that the estimation of AOA of a 1 GHz radio source will
take one of the 5 angle vaues (0, +30, +90); eg. if true AOA =14°, the output of the

direction finder will be 0°; or if true AOA =17°, the output of the direction finder will
be 30°. If we were able to double the sampling rate or antenna spacing , the rumber of
time steps would a so be doubled .

For the emitting sources of smaler frequencies, it is possble to have bigger
d between antennas since the waveength is bigger. This ability provides better
resolution performance. But a high frequencies resolution is redly a big problem. We

tried three approaches together to solve this problem in our sudies: linear interpolation,
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IF down converson and sinc interpolation. Now we will briefly describe these three

techniques in the following sections.

3.4.1 Linear Interpolation

We used linear interpolation technique to improve the time deay edtimation
accurecy. Linear interpolation is based on drawing a draght line between two
neighboring samples and returning the appropriate point aong that line [11]. Figure 3.3
shows the zoomed verson of a grgphic condsting of two curves plotted together. The
lower curve is the direct cross-corrdation of two red antenna output signas obtained
during our experiments and the upper curve is the curve obtained &fter linear
interpolation of the direct cross correlaion curve. The true time delay between these
antenna dgnds is -2.12 ns. It is gpparent from the figure that that the peak is changed

from -2.25ns to -2.17ns which is a more accurate vaue.

24F T T T T T

peak after interpolation

direct peak

22F

21p

2.8 26 2.4 2.2 2 1.8
x10°

Figure 3. 3: The effect of interpolation
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3.4.2 Frequency Down Conversion

For a fixed sampling rate, the resolution of a digitd DF system decresses as the
frequency of the source increases. A rdativey high sampling rate can be achieved by
utilizing a dmple frequency down converson. The idea behind the frequency down
converson technique is to trandate the frequency spectrum of antenna output sgnas to
a lower frequency, i.e intermediae frequency (IF). The rdative sampling frequency of
the receiver is then increased synthetically by the amount of down conversion.

The idea of frequency down converson may be generdized as follows [7].
Suppose that we have a signd s,(t) whose spectrum is centered on a carrier frequency
of f, and the requirement is to trandate it in frequency such thet its carrier frequency is
changed from f, to a new vaue of f,. This requirement may be accomplished usng
the mixer shown in Figure 34. Specificaly, the mixer is a device that condsts of a
product modulator followed by a band-pass filter. The band-pass filter is designed to
have a bandwidth equa to that of the sgnd s (t) used as input. The nain issue is the

frequency of the loca oscillator connected to the product moduletor. Let f; denote this
frequency. Due to the frequency trandation performed by the mixer, the carier
frequency f, of the incoming signd is changed by an amount equd to f;; hence we
may st

f,=1f +f, (3.24)
Solving for f,; wethus have

fo=1,-f, (3.25)
This relation assumes that  f, > f,, in which case the carrier frequency is trandated to
upward. If, on the other hand, we have f, > f, , the carrier frequency is trandated
downward, for which the corresponding frequency of the local oscillator is

f,=1f-f, (3.26)

The smulation results for frequency down converson method ae given in
Chapter 4. We showed that, the method is able to eiminate the resolution error raised
because of finite sampling limitation.
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Figure 3. 4: Block diagram of mixer.

3.4.3 Sinclnterpolation (Signal Reconstruction)

According to the sampling theorem, samples of a continuous-time bandlimited
ggnd teken frequently enough (f. 3 2*f ) ae sufficent to represent the sgnd
exactly in the sense that the sgnal can be recovered from the samples and from

knowledge of the sampling period. If a continuous function only contains frequencies
within abandwidth, B Hertz, it is completdy determined by its vdue a a series of

points spaced lessthan 1/ 2B seconds apart.
Assumex (t)to be an ided sampled sgnd. This sgnd can be obtained by
multiplying a continuous sgna x(t) with aperiodic train of Dirac pulses.

X, (1) =x(t)él¥ d(t- nT) = 5 x(nd (t - nT) (3.27)

The nth sample is asociated with the impulse a t =nT, where T is the sampling
period associated with the sequence x[n] If this impulse train is input to an ided low
pass continuous-time filter with frequency response H, (jJW) and impulse response
h, (t) , then the output of the filter will be

X, (t) = 5 [njh, (t - nT) (3.28)

A block diagram representation of this sgna recondruction process is given in
Figure 35. The impulse response, h, (t), of the ided low pass filter with cutoff
frequency p /T isgiven by

anpt/T
pt/T

h (t) = (3.29)
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Thisimpulse response is shown in Figure 3.6.

Idedl
Convert from reconstruction
—p  Sequenceto filter
X[n| impulse train Xs(1) H. (W) x{1)
Sampling
period T

Figure 3. 5: Block diagram of an ided bandlimited sgna recondruction system.

hr()

. /\
4t N/ AT \/—T Tv 3T Tt

Figure 3. 6: Impulse response of an ided recongtruction filter.

By substituting Eq. (3.29) into Eq. (3.28) we obtain

& sn[p(t- nT)/T]
(= a xn] ST (3.30)

n
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Clearly, by usng this gpproach we can cdculate the Sgnd vaue a any ingant by
performing a sngle summation over the sampled vdues The only requirement is tha
the samples have been obtained in accordance with the sampling theorem and that they
indeed form a complete record (they are the samples taken at least one period duration
time). It is important to redlize that, under these circumstances, the recovered waveform
IS not a guess but a reliable recongtruction of what we would have observed if the
original sgnal had been measured at other moments.

The smulation results and discussons for Sgna recondruction method are given
in Chapter 4.
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4. EXPERIMENTAL AND SIMULATION RESULTS

This chapter contains the results and discussons of severd experiments carried
out at the EMC TEMPEST Test Center of TUBITAK UEKAE during the studies of that
thess. A basc aforementioned two antenna, TDOA based DF system has been redlized
with commercidly available ingruments in a laboratory environment. Different medium
have been sdected for performance comparisons. The experiments have been caried
out in a Compact Full Anechoic Chamber (CFAC), indde the laboratory, and a open
areadtes. We established the setup shown in Figure 2.8.

4.1 General Measurement Setup

The overdl measurement setup is shown in Figure 4.1. To capture the radiated
electromagnetic dgna, a four-channd digitd oscilloscope, having a sampling resolution
of 4 Ggsis used. The antennas, spatidly separated by d cm, are connected to the two
channds of the oscilloscope through two cables of equd length. In order to ensure
unambiguous results of bearing messurements over the angular range of
-pl2£f £Ep /2, d is s0 chosen that it stisfies the condition d £1 /2 where | is
the wavelength of the received sgnd. Two identicd RF bandpass filters are used to
diminate the effects of Sgnds out-of the band of interest. The antenna Sgndls, digitized
by the oscilloscope, are trandferred to a laptop computer for further andyss. A
computer program is created in LabWindows/CVI environment for this purpose. This
program records and processes the antenna sgnds transferred by GPIB interface and
cross corrdaes them to etimate the time difference of ariva in between. Findly, the
AOA is edimated using the formula given in equation (3.1). The estimated angle vaue
contains an amount of error due to many effects some of which are sampling Imitation,
antenna coupling and multipath propagation. So it is more accurate to express the AOCA
as a directiona beam. The directiond beam is dravn on a semi circular plane and sent

to the user via the computer screen as the graphica user interface of the process is

displayed.
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Figure 4. 1: The overal measurement sstup

The grgphica user interface of the system is shown in Figure 4.2. The program
cagptures the input sgnads from the recever and draws them on the same gragph in
different colors. Frequency spectrums of the dgnds are same since one of them is just
the ddlayed verson of the other. The spectrum is aso drawn on another graph so that
the user can obsarve al the frequency domain characterigtics of the received sgna. The
cursors on this grgph are used to sdect a frequency region, by which if the “filtering”
contral is active it is possble to filter the sgna by software. The time domain behavior
of the filtered Sgnd is also displayed on the screen. The pesk frequency component of
the sdected region is found and displayed autometicaly. The delay and the AOA vaues
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are edimated as the “RUN” button is pushed and sent to user via “Delay” and “AOA”
fields respectively. For easy sense, the directiond AOA beam is aso drawn on a semi
cdrde. The progran has the cgpability of communicaing wirdesdy with a client
computer connected via a wirdless network card. So it is possble to establish the DF
system anywhere around and control it remotely.

A EBTIMAT IO

FREGERCY P ECTILM

Anlarng depa soniom| ERaaies

Hurpder of S rphes oy Fresp.nics

Ereradeidthy IF Fisp.encs

Earaping Fale

Figure 4. 2: Graphicad user interface.

4.2 Numerical Results of CFAC Tests

An anechoic chamber is an ided environment for DF peformance tests dince, in
it, there will be no emissons contributing to the caculations other than the sgnd
radiated by the tranamitter itsdf. The RF sgnds traveing in free space like Radio/TV
waves, GSM waves or the police transcelvers waves cannot enter into the chamber. So,
a better SNR (Signd-to-Noise-Ratio) vadue is guaranteed. We redized the test in the
Full Anechoic Chamber (FAC) congtructed by TUBITAK/UEKAE (Nationd Research
Inditute of Electronics and Cryptology) to be used in TEMPEST /EMC
(Electromagnetic Compatibility) tests of various equipment.
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4.2.1 Experiment 1

Two identical log-periodical antennas, working a 300 MHz1GHz ranges, are
used to capture the dectromagnetic sgnd radiated by the sourcee An UHF FM
transceiver transmitting at 461.925 MHz is used as the emitter. It is located at three
different sSides to determine its direction Smply like from left, right or front (0°)
according to the antenna basdine normd. The vdues of the parameters are given in
Table 4.1 where f denotes the frequency of the source, | denotes the waveength,

d (E| /2) denotes the distance between antennas, f, denotes the sampling frequency

and T, denotes the sampling period.

f 461.925 MHz
I 0.65m

d 0.25m

fg 4 Gss
T, 0.25ns

Table 4. 1: The vaues of the parameters for Experiment 1.

The measurement results are given in Table 4.2. The direction of the arivd is
edimated as left, right or front according to the sign of the estimated time ddlay. This is
because of that one of the antennas is chosen as the reference antenna triggering the
oscilloscope. For example, if the Sgn of the edtimated time dday is - (negdive), this
means that the sgna has reached the reference antenna earlier than the other antenna
Thus the eectromagnetic wave is coming from the sde of the reference antenna, or vice
versa. The antenna a the right sde of the antenna basdline was chosen as the reference
antenna during the test.

The results obtained from Experiment 1 were “satisfying” for the beginning of the
dudy. This test provided a very important concluson that the measurement st up
perceives the directions correctly. Now the problem is to find the exact vaue of the
azimuthal angle to determine the angular beam.

Size of the chamber was not large enough to smulate al the angle vaues. On the
other hand, in dl DF techniques, it is assumed that the eectromagnetic fidd incident on
the RDF is a far-fidd planar wave with linear polarization. But far-fidd conditions
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canot easly be saisfied indde CFAC dnce the source cannot be located far away
enough from the RDF dte. So we caried our setup outsde the chamber and redlized

some experimentsin an RF [aboratory.

Direction of Estimated Time Estimated AOA Estimated

Arrival Delay (ns) (degrees) Direction
Front 0 0 Front
Left 0.25 +17.4576 Left
Right -0.25 -17.4576 Right

Table 4. 2: Reaults of the test conducted in CFAC with 461.925 MHz tranamitter.

4.3 TestsConducted in RF Laboratory

4.3.1 Experiment 2

We used the same transceiver transmitting at 461.925 MHz as the source, the
same log periodicd antennas to capture the dectromagnetic energy and the same
recaiver. So, the values of the parameters are the same as the vaues given in Table 4.1
for Experiment 1. The only difference is that the environmenta conditions are changed
from an anechoic chamber to an indoor laboratory where dl the other eectromagnetic
waves (radio, TV. etc) are fredy traveling in it. Therefore, we are expecting more
noise, hence smdler SNR, on the received Sgnd.

We determined twelve points to locate the source on. The geometry of the twelve
locations is shown in Figure 4.3. We measured the width and length of each point
according to the RDF sysem to determine the true AOA of sgnads coming from each
point. The true AOA vdues are cdculaied by using trigonometric relations. The time
delays corresponding to true AOA vaues are obtained from equation (3.1). The
LabWindows/CVI program is then run to edimate the time deay between antenna
dgnds. The estimated time dday is replaced in equation (3.2) to esimate the AOA of
the intercepted dectromagnetic sgnd. The edimation results are summarized in Teble
4.3. The difference between true AOA and the estimated AOA gives the amount of
angular error made during the DF process. The amount of error made for a specific
point iswritten in red under it in Figure 4.3.
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Figure 4. 3: The geometry of the source locationsin Experiment 2 and the amount of
angular error at each point.
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TrueAOA | TrueTime | Estimated Egtimated | Angular Error
Point (degrees) Delay (ns) | Time Delay AOA (degrees)
(ns) (degrees)

(0,1) 0.0 0 0 0.0 0.0
0,2 0.0 0 -0.25 -17.5 17.5
0,3 0.0 0 0 0 0.0
(1,1) 29.5 0.41 05 36.9 7.4
(1,2 23.0 0.325 0.25 17.5 55
(1,3 19.6 0.28 0.25 17.5 2.1
(-1,2) -15.0 -0.22 -0.5 -36.9 20.1
(-1,2) -12.0 -0.173 -0.25 -17.5 55
(-1,3) -10.0 -0.145 -0.25 -175 75
(-2,1) -30.7 -0.426 -0.5 -36.9 6.2
(-2,2) -24.0 -0.339 -0.25 -17.5 6.5
(-2,3) -20.5 -0.292 -0.25 -17.5 3.0

Table 4. 3: Results of the test conducted in laboratory using 461.925 MHz transmitter.

From the Table 4.3, a very smdl esimation eror in time dday causes a very big
error in AOA edimation. For example, the true time delay a point (0,2) is O ns which
corresponds to an AOA of . The estimated time delay at that point, on the other hand,
is 0.25 ns corresponding to the AOA of 17.5°. Since the frequency of the source is high,
the spacing between antennas is limited to a very smdl value. As we examined before,
sndl antenna spacing causes low resolution. Let’s cadculate the number of time steps
for the parameters given in Table 4.1 using equation (3.23) as
2f.d

o
Therefore, thereare N, +1 = 7 angle values that represent al the other anglesin

N, =

=6.66 » 6 (4.1).

(-p/2, p/2) range and they are
(0, £17.5, +36.9, +64.2) (4.2).
These angles ae the angles corresponding to the time deays of
OxT,,+2T,£3T,) P (0,£0.25ns,+0.5ns,+0.75ns) respectively. So, we are face
to face with the resolution problem mentioned in Section 3.3. There are two solutions to

this problem; increesng f, or increesng d. The maximum vaue of the sampling
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frequency of the oscilloscope is 4 Gg/s, s0 it canot be changed. The vdue of
d (E1 /2) depends on the vdue of | which is the waveength of the emitting source. If

the frequency of the source is decreased, then d may be increased and so the resolution.
For the following tests, we used another transceiver transmitting a a lower frequency of
155.4 MHz to have better resolution performance.

4.3.2 Experiment 3

This time, we used ASELSAN 4014 Transceiver transmitting at 155.4 MHz as the
emitter. Two identica biconicd antennas, working at 30-300 MHz range, are used to
capture the incoming RF sgnd. Since the frequency of the emitter is decreased, we
were able to increase d and consequently guaranteed a better resolution performance.
The vaues of parameters for Experiment 3 are given in Table 4.4. The number of time
steps is caculated usng equation (3.23) as N, =26. The vaue of Ns for Experiment 2
was 6. Since we have more time steps o represent the (-p /2,p/2) angle range, the
cgpability of discriminating between close anglesis increased.

The emitter is located a the same twelve points determined in Experiment 2. The
results of the test are summarized in Table 4.5. The points where the angular error is
greater than 10° are shown in bold in the table and they are dso encircled in Figure 4.4.
The amount of angular error for each pecific point are included in the figure.

f 155.4 MHz
I 193m

d 1m

fg 4 Gsls
T, 0.25ns

Table 4. 4: The vaues of the parameters for Experiment 3.

As it can be seen from Table 4.5 and Figure 4.4 , the true angle vaues could not
be estimated at most of the locations. But the results are not so bad. The absolute error
issmaller than 10° a most of the points.
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Figure 4. 4: The geometry of the source locations and errors of each location for
Experiment 3.

36



Point TrueAOA | TrueTime | Est. Time | Estimated Angular
(degrees) Delay (ns) | Delay (ns) AOA (ns) ( dg:ges)

0,1) 0.0 0 0 0 0.0
0,2 0.0 0 0.25 4.0 4.0
0,3) 0.0 0 0.25 4.0 4.0
(1,1) 29.5 1.64 0.5 8.6 21.1
(1,2 23 1.30 0.75 13.0 10.0
(13 19.6 1.12 1.25 22.0 24
(-1,2) -15.0 -0.863 -1.0 -17.5 20
(-1,2 -12.0 -0.693 - - -
(-1,3) -10.0 -0.579 -0.5 -8.6 14
-2,1) -30.7 17 -1.25 -22.0 8.7
(-2,2) -24.0 -1.356 -0.75 -13.0 11.0
-2,3) -205 -1.167 -0.5 -8.6 12.1

Table 4. 5: Reaults of the test conducted in laboratory usng 155.4 MHz transmitter.

We were able to decrease error by usng a lower frequency tranamitter but there
ae dill some propagation effects, like multipath and scatering, resulting in phase
ditortions on the sgnd. An indoor RF laboratory is not an appropriate measurement
environment in teems of multipah and scattering snce windows, wals and other
equipments creste multipath waves that distorts the received sgnd. Consequently, we
decided to test the setup a a more obstacle free environment. The setup and the emitting
source are carried outdoor to redize that the DF system performs better in terms of
multipath when it operates a outside.

4.4 Test Conducted at Open Site Test Area

Open Site Test Area is the name of a test site in TUBITAK/MAM campus which
is founded by UEKAE. The land is rdaively obstacle free since it is very far away from
the buildings around. So, it is thought thet the multipath effects will be less here. A

photo of the Site can be seen in Figure 4.5.
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Figure 4. 5:A view of open Stetest area

441 Experiment 4

The same biconicd antennas and the same transmitter are used as in Experiment
3. The location of the antennas, the source and the receiver is shown in Figure 4.6. The
values of the parameters are given in Table 46. We determined 14 different locations
and measured the true angle of arivas. The geometry of the locations are shown in
Figure 4.7 and the estimated results are summarized in Table 4.7.

Figure 4. 6: The position of the antennas and the source.
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155.4 MHz

I 193 m
d 80 cm
fg 4 Gsls
T, 0.25ns
N 21

Table 4. 6: The parameter vaues for Experiment 4.

TrueAOA | TrueTime | Est. Time | Estimated Angular
Point (degrees) Delay Delay AOA ( dg:ges)
(ns) (ns) (degrees)

al 00 0.0 0 0 0 0.0
al 01 37.0 1.6 1.75 41.0 4.0
al 02 51.0 2.08 1.75 41.0 10.0
al 03 60.0 2.316 1.50 34.0 26.0
bl 01 -37 -1.6 -2 -48.5 11.5
bl 02 -51.0 -2.08 -1.75 -41.0 10.0
bl 03 -60.0 -2.316 -2 -48.5 115
a2 _00 0.0 0.0 0 0 0

a2 01 20.5 0.938 0.75 16.0 4.5
a2 02 320 1.413 1.25 28.0 4.0
a2 03 41.0 1.76 1.25 28.0 13.0
b2 01 -20.5 -0.938 -1 -22.0 1.5
b2 02 -32 -1.413 -15 -34.0 2.0
b2 03 -41.0 -1.76 -1.75 -41.0 0.02

Table 4. 7: Results of the test conducted at open Site test area using a source of 155.4
MHz.
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Figure 4. 7: The geometry of the source locations and errors of each location for
Experiment 4.

The points where the angular error is greater than 10° are encircled in Figure 4.7.
For the remaining points, it is goparent from the results given in Table 4.7 and Figure
4.7 that a better bearing accuracy is obtained during the test redlized a open ar when
compared to the test redized in RF laboratory. This is because of the fact that multipath
and scettering effects are less a open ar than they are in the laboratory. On the other
hand, the tet transmitter should be located sufficiently far away from the DF antenna so
that it is illuminated by a far fidd wavefront. As a maiter of fact, when the disance of
the transmitter to the DF antenna is increased from 4 meters to 8 meters, the error

decreases consderably as shown in Figure 4.7.
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Ancther important inference, which can eadly be verified when the scheme in
Figure 4.7 examined carefully, is that the amount of error increases as the angle of
ariva gets greater. Or, to express in another words, the system works very well for
sndler angles but it performs worse with increesng AOA. This is manly due to two
important effects. One of them is resolution effect. We know that the reationship
between AOA and time ddlay is non linear and givenin (3.1) as.

danf =cDt (4.2).

Since the gnus of big AOA vaues do not vary as much as smdl angles we need
more resolution for big angles. For example, Sin(1°) = 0.0175, sin(2°) = 0.0349 whereas
sin(89°) = 0.9998, sin(90°) = 1. In order to separate 2 from 1° it is enough © estimate
the time difference proportional with delta = 0.0349 - 0.0175 = 0.0174. But if we want
to separate the DOA of 89° from 90°, then we must esimate the time difference
proportiond to delta = 1-0.9998 = 0.0002 which requires more resol ution capability.

Another reason of decreasng performance with increasng AOA is about the
radigtion characterisics of DF antenna. When the AOA of incident eectromagnetic
wave gets greater, it will be very close to one of the antennas relative to other. Since the
antenna closer to the source blocks the other antenna, the planar wave cannot reach the
other antenna idedly. Such a coupling between antennas increases as the AOA gets
greater.

442 Experiment 5

Ancther tedt is redized a a different environment. This test is performed again a
an open but a bigger area. The photo of the tet Steisgivenin Figure 4.8.

We intended to see the effect of transmitter’s distance to DF antenna by this test.
Because we know that the tranamitter should be far away enough from the DF antenna
s0 that the emitted wave can be consdered as a planar wave. On the other hand, it
should be as close as possible to the antenna to reduce errors caused by reflections.

Two dipole antennas with a separation of 95 cm ae used to capture the
electromagnetic energy propagated from the transceiver transmitting at 155.4 MHz. The
parameter vaues are given in Table 4.9. 6 points nearly 15 meters away from the DF
antenna are determined to locate the source. The true DOA vaues for each point are
cdculated to compare with estimated vaues. The geometry of the locations is shown in

Figure 4.9 and the results are summarized in Table 4.8.
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Figure 4. 8: A photo of the test areafor Experiment 5.

TrueTime | Est. Time | Estimated Angular
Point TrueAOA Delay Delay AOA Error
(degrees) (n9) (ns) (degrees) (degrees)

0 0.0 0 0 0.0 0.0

1 -59 -2.71 -3 -71 12.0

3 -42 -2.12 -1.75 -335 85

4 -25 -1.34 -1 -18.4 6.6

5 20 1.08 1 -18.4 16

6 29 1.54 1.25 23.0 6.0

7 45 2.24 1.75 335 115

Table 4. 8: Results of the test conducted at the open area using a source of 155.4 MHz.
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Table 4. 9: The parameter values for Experiment 5.

OSCILLOSCOPE

95cm
3 1
15m
6 8
7 h 12.0°
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Figure 4. 9: The geometry of locations and angular error for each point.

When the data we obtained from Experiment 5 is compared to data obtained from
Experiment 4, the error performance of DF system neither increased or decreased. It
sayed nearly the same. Therefore, the increment of the distance between transmitter
and DF antenna from 8 meters to 15 meters did not change the results. We may
conclude that a 8 meters distance was enough for far fied conditions to be satidfied. On
the other hand, by the increment of the distance, it is expected that the multipath waves




will become more effective and so the eror will incresse. But as it is sated the eror is
nearly the same for both cases. So we can dso conclude that, the open ste is fairly well

in terms of multipath propagation.

45 Soft Frequency Down Conversion

The data we obtained during our tests showed that a quantization error occurs
because of the direct sampling of RF (radio frequency) sgnds a antenna outputs. For a
fixed sampling rate, the resolution was better when a transceiver a a frequency of 1554
MHz is used instead of 461.925 MHz. A rddaively high sampling rate can be achieved
by utilizing a smple frequency down converson process. The badc principles of
frequency down converson method is explained in section 3.4.2. The idea behind the
frequency down converson technique is to trandate the frequency spectrum of antenna
output Sgnas to a lower frequency, i.e intermediate frequency (IF). The rdative
sampling frequency of the receiver is then increased syntheticaly by the amount of
down converson. The disadvantage of this method is tha it requires an extra analog
frequency down converter circuit before digitizing and cross corrdation operations,
which increases the cost. On the other hand, we need two different frequency down
converters in andog circuitry, one at the output of antenna 1 and the other a the output
of antenna 2. The indispensable condition to be satisfied in this case is that the phase
responses of two andog frequency down converters should be exactly the same, i.e
coherent outputs. Since the cross corrdator operates on the phases of dgnds, it is
required that the phase responses of the sgnals should never be changed from the
outputs of the antennas until the cross correlator. It is possble to overcome this problem
by measuring and calibrating the system. We proposed that this problem may aso be
solved by using dl digitd methodsin DF process.

To diminae the need for an additiona andog hardware, we suggest a software
implementation of the frequency down converson process. Therefore first the sgnas
are digitized by the recever and then converted to IF (intermediate frequency) sgnds
by signa processng and then cross corrdaed. Down converson of the antenna sgnas
does not change the phase difference between them. But the capability of estimating this
phase difference increases due to the increase of sgnd period after down conversion.
The disadvantage of soft frequency down converson method is that it requires more

memory (longer sgna duration) for the same process. The frequency down converson



technique is shown in Figure 4.10(b) in comparison with direct RF sampling technique
givenin Figure 4.10(a).

s1(t) Sa2(t) s1(t) So(t)

RECEIVER (A/D)
(Fs)

RECEIVER (A/D)
s s1(nTs) so(NTs)
FREQUENCY DOWN FREQUENCY DOWN
$1(nTs) So(nTy) CONVERSION CONVERSION

CROSS
CORRELATION

CROSS CORRELATION

v
AOA AOA
@ (0)

Figure4. 10: (a) Direct RF sampling, (b) Frequency Down Conversion

45.1 Simulation of Soft Frequency Down Conversion Method

The advantages of the frequency down converson technique can easly be
verified by computer smulation. We smulated a direction finder designed to egtimate
the DOA of an emitter a& 1 GHz. This is the same scenario as we described in Section
3.3. Andyss made in Section 3.3 showed that such a direction finder has a very big
resolution error, snce the frequency of the emitter is rdativdy high. Thus dl the
edimated angle vaues in the range of (+90,-90) for such a system will take one of the
vaues in  (0,£30,+90). We expect a very big resolution error when we use direct RF
sampling technique. When we implement the frequency trandation method, on the other
hand, we will down convert the high frequency sgna to a lower frequency; hence, the
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relative sampling frequency will be increased. As a result of that, the number of discrete
interva for one period of the incoming dgnd will increese and the amount of
quantization error will decrease. We down converted a 1 GHz sgnad into a 25 MHz
sgnd.

Figure 411 illugrates the dSmulation results obtaned for noisdess case
(resolution error only). The absolute error is drawn for (-90,+90) angle range. All the
angles in this range are smulated and the absolute error, corresponding to each AOA
vadue, is cdculaed for both direct RF sampling and frequency down conversion
methods. The dashed curve represents the error in case of direct RF sampling and the
solid curve represents the error when frequency down conversion is redized by sgnd
processing. The mean eror for direct RF sampling is 13.8895 degrees, wheress it is
1.9667 degrees for frequency down converting method. This smulation showed us that
the new technique will increase the performance of the sysem consderably, especidly

at high frequencies.
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Figure 4. 11: The comparison of direct RF sampling and frequency down converting
techniques by smulation (dashed: absolute error of direct RF sampling technique; solid:
absolute error for frequency down converting method).
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4.6 Simulation of Signal Reconstruction M ethod

As mentioned before at Chapter 3, we adso suggested another method to solve the
resolution problem: signd recondruction. This method interpolates the samples of a
bandlimited sgnd sampled in accordance with the sampling theorem to  reconstruct the
origind dgnd. The dnc interpolation is used for this purpose. The basic principles of
sgnd recongruction method is explained in section 3.4.3. It is shown in Figure 4.12(b)
in comparison with direct RF sampling technique given in Figure 4.12(a).

s1(t) s2(t) s1(t) S2(t)

RECEIVER (A/D)
(Fs)

RECEIVER (A/D)
(Fs) s1(nTy) so(nTs)
SIGNAL SIGNAL
s:(nTo) Sp(nTo) RECONSTRUCTION RECONSTRUCTION

CROSS
CORRELATION

CROSS CORRELATION

l

AOCA AOCA

@ (b)
Figure 4. 12: () Direct RF sampling, (b) Signa Recongtruction

We teded the method in computer environment firg by dmulation. We agan
samulated a direction finder designed to edtimate the DOA of an emitter a 1 GHz as
told in Section 4.5.1.

Figure 4.13 illugrates the Smulation results obtaned for noisdess case
(resolution error only). The absolute error is drawn for (-90,+90) angle range. All the

47



angles in this range are smulated and the absolute error, corresponding to each AOA
vaue, is cdculated for both direct RF sampling and sgnd recongtruction methods. The
dashed curve represents the error in case of direct RF sampling and the solid curve
represents the error when signd recongtruction is redized. The mean eror for direct RF
sampling is 13.8895 degrees, whereas it is 146 degrees for signa reconstruction

method.
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Figure 4. 13: The comparison of direct RF sampling signa reconstruction techniques by
amulation (dashed: absolute error of direct RF sampling technique; solid: absolute error
for sgnd recongtruction method).

It will be useful to emphasze that the reconstructed Sgnd is not a guess and it is
completdly same with the origind sgnd. This means that the exact vadue of the sgnd
can be found a any time ingant. So, theoreticdly, it is possble to decrease the
resolution error to 0° when the signd recongtruction method is used. But, we are trying
to recondruct the signd in computer environment. In this case, the decrease in error is

inversely proportiona with the computational complexity of the process.
Let's examine that issue on our Smulaion scenario. We have a source at 1 GHz

and the sampling frequency is 4 Gs'sec. The sampling frequency is in accordance with

48



the sampling theory then. The samples are taken for every 0.25 nsec. We may divide
that time interva into 100 and so find the 9gnd vadues a every 0.025 nsec or divide it
into 1000 and find the sgnd vaues a every 0.0025 nsec. For the second case the
resolution error is much decreased when compared to first case. But the computationa
complexity of the sysem is higher which is a big disadvantage especidly for red time
systems.

Findly, we may conclude that the frequency down converson method seems to
be more advantageous method to solve the finite sampling problem. Because, it is
computationaly more inexpensive when compared to signa reconstruction method.

4.7 Simulation of an Indoor Radio Location Finding System

Up to now, we proposed a two antenna array TDOA based DF system to
determine the AOA of an eectromagnetic wave transmitted by an indoor transmitter.
We implemented the proposed setup and tested its performance in  various
environments. From the data we obtained, the proposed DF system works quite well for
(-45° , +45°) angular range and the estimation error increases as the AOA increases.

A locdion finding sysem congging of three equivdent DF sysems is smulated
in LabWindows/CVI environment. Triangulation method is used to edimate the
coordinates of the source indde the building as the intersection of bearings from each
DF system. We modeled the DF system such that it works consstent with experimenta
results. Thus, before triangulation a random error proportiona to the AOA is added to
the true AOA vdue asfollows

if ACA==0)
AOA = c1* randn(1);
else

AOA = AOA + c2* AOA* randn(1);

end

A building of 96x72 meters’ in size is smulaed and divided into 12 equd
24mx24m rooms. The smulated rooms are shown in Figure 4.14. The two DF systems
are located a the symmetric reciprocal corners of the building and third DF system is
located to the oppodte sde on the line from the middie of the building. We know that
the DF sysem works quite well for smal AOA vaues. So, we should locate the DF
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systems in such a fashion that the AOA of the source a any point in the building Says
andl. This is possble when only the normd of the DF system passes through the
middle point of the building. Therefore, if the source is podtioned a the middle of the
building, the AOA vdues with respect to each DF sysem will be O degrees which
corresponds to the minimum error case. The Sze of the building and the distance of
direction finders from the building are $iown in Figure 4.15. The two DF systems at the
corners should be located with an angle of 43.8 degrees to the building in order to
satisfy the above mentioned argument.

Room 1 Room 2 Room 3 Room 4
Room 5 Room 6 Room 7 Room 8
Room 9 Room 10 Room 11 Room 12

Figure 4. 14 : Roomsin the building.

DF1 ) < DF2
g Ilo it A

43.%_

72 units

96 units

Ilo units

DF3

Figure 4. 15: Location of the direction finders around the building.
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The grephica user interface of the location finder with 3 DF systems located
around the building can be seen in Figure 4.16. We may adso mention about the
operationa principles of the locaion finding sysem by examining the specific example
given on the Figure 4.16. The true coordinates of the source is chosen as (14,26).
Therefore, the AOA to DF2 is the minimum of the angles to each direction finder. And
as expected, DF2 makes the minimum eror for that point. The coordinates of the
emitter is esimated as the middle of the triangle formed by lines of bearing from each
DF sysem. As a redult, the true coordinates of the emitter was (14,26), wheress it is
estimated as (20.67,29.94). The error made is therefore, the distance between these two

pars.
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Figure 4. 16: The graphica user interface of the radio location finding system.

For each room, we determined the coordinates corresponding to the middle of the
room. Thus we fixed 12 points indde the building. The transmitter is located to each
point one by ore and the location finder is run 100 times for each point. The mean error
and standard deviation is caculated a each point usng the formulas in (4.2) and (4.3

respectively.
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(4.2)

(4.3)

The didribution of the estimated coordinates for 12 rooms is shown on Figure

4.17. The mean and standard deviation of the erors a each room are summarized on

Table 4.10. Since the DF systems are located symmetricaly, the error characterigtics a

symmetric roomsis nearly the same.

We located the DF systems around the building in such a fashion that the location

finder performs best when the tranamitter is in the middle of the building, we expect the

error to be less in the rooms around middle of the building when compared to the rooms

a the edges. The error characterized by the mean and standard deviation vaues given in
Table 4.10 shows that the smulated location finder will work properly wdl in a redigtic

environment .
E[x] =8.27 E[x] =28 E[x] =3.11 E[x] =8.36
s=20 s=14 s=172 s=20
2 3 4
E[x] =6.63 E[x] =211 E[x] =22 E[x] =6.7
s=20 s=1.0 s=1.0 s=20
6 7 8
E[x] =7.03 E[x] =272 E[x] =29 E[x] = 7.06
s =43 s=11 s =1.33 s =485
10 11 12

Table 4. 10: The mean and standard deviation of error at each room.
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Figure 4. 17: The didribution of estimation results a each room.
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5. CONCLUSIONSAND FUTURE WORK

In this thess, we modeled a radio location finding sysem to determine the
location of an indoor transmitter. The system is composed of three equivdent DF
sysems placed outsde of the building. The podtion of the transmitter is smply the
intersection of bearings from individud direction finders. So the performance of the
location finding system is very dependent on the performance of each DF system.

The proposed DF system is a two dipole antenna array designed to estimate the
azimutha AOA of the tranamitted sgnd. The timing of the intercepted Sgnds a eech
sensor are measured and the cross correlation approach is used to estimate the bearing
information. We made some experiments about the performance of the proposed system
a various environments such as indoor and outdoor. It is possble to make some
inferences about the system by andyzing the experimentd results.

Firdly, snce we use digitd methods in the process, the sampling of the sgnds
introduces a quantization error on the edimation results This limitation yieds a bad
resolution performance especidly when the frequency of the transmitter is high. As a
matter of fact, a higher resolution capability is guaranteed when a 1554 MHz
trangmitter is used ingead of a 461.925 MHz transmitter during the tests. Incressing the
disance between antennas is one way of increasng the resolution. But such an
intervention causes the ambiguity of the DF system to decrease. So, to overcome the
resolution problem, two methods are suggested: one of them is down converting the
incoming sgnd to a lower frequency and the other is recongtructing the dgna from its
samples by snc interpolation. We showed that dthough the sgnd recongtruction
process recongructs the signal as if it is origind, it increeses the computationd
complexity of the overdl sysem. This is an unwanted case especidly for red time
sysems. In frequency down converson method, the frequency of the intercepted sgnds
a antenna outputs is converted to a lower frequency. Such a process, does not change
the phase difference between antenna dgnds. But the amount of time dday, yidding

the same phase ddlay, increases. So, it becomes easier to estimate it. It is the same effect
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as if sampling rate of the recaiver is increased. The smulation results showed tha the
method works well especidly at high frequencies.

We dso noticed that the performance of the DF system decreases as the AOA of
the transmitter increases. This is partly due to the fact that a higher sengtivity is needed
to diginguish large angles from each other, and partly due to mutua coupling between
antennas which gets more corruptive a large AOA vdues. The DF sysems should be
postioned around the building in such a fashion that wherever the trangmitter in the
building, the AOA remains smdl in order to satisfy minimum error conditions.

Multipath waves and far field conditions are two other parameters affecting the
DF performance. Accuracy of the sysem in case of loceting it outsde is higher
compared to case of locating it ingde the building. This is because of the wadls,
windows and other equipments reflecting the incident electromagnetic wave to creste
multipath waves. S0, it is suggested to locate the DF systems outside of the building for
better conditions in terms of multipath effect. However, multipath waves dill affect the
performance in case of outdoor location of the DF. But this problem can be overcame
by cdibrating the sysem depending on the environmenta conditions. Another
important issue is that the antenna sysem should be sufficiently far away from the
trangmitter 0 that the far fidd conditions are satisfied and the assumption of planar
wave a antennaterminasis hold.

After modding our DF sysem with various tests, we smulated a location finding
system composed of three equivdent DF systems and measured its performance in
computer environment. From the data we obtaned by vaious experiments and
amulaions, the suggested DF sysem will work ressonably wel for the location of a
trangmitter indde a building. The proposed system is a trade-off between highly
sophigticated, but not easily deployable syslem such as a phased array DF and a smple
amplitude comparison DF system. Accuracy of the sysem will be higher compared to
that of a phased aray system, and aso will have an ease of implementation compared
to that of a phased array system.

More complex direction finders with more number of sensors may be
implemented and tested in the future. The overdl performance of the location finder can
adso be optimized by increesng the number of direction finders around the building.
The presented settlement of the DF systems around the building may aso not represent
the optimum settlement. Some other forms can be tried to find the optimum locdlization
of the DF systems.
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As a future work, the mutua coupling between antenna edements should be
investigated deeply. The incluson of coupling effect into the caculaions will probably

improve the performance to a higher degree.
It is dso posshble to desgn a two coordinate direction finder by inserting an extra

antenna to determine both the azimuth and €devaion angles of arivd. So that, in
addition to the azimuthd information, we may dso edimae the floor of the building
from which the emitter is transmitting with the help of devation angle of ariva.
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