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3 SUMMARY 
This report is the final deliverable of Radiocommunications Agency contract AY 3925, 
Design and production of a working prototype system to capture and store data on 
intermittent and wideband EMC disturbances which can subsequently be used to trace 
and identify the disturbance. The report describes the progress on the development of 
the interference locator during the period January to December 2001. 

The interference locator is based on the reception of a radiated impulsive interference 
signal on an array of antenna elements. The time delay apparent from the signal received 
at different array elements is calculated using a digital correlation approach; all signals 
from the elements are directly converted into digital form via the use of a 4 channel 
sampling oscill oscope operating at 2.5 or 25 Giga samples per second (GSps). The 
position of the noise source is subsequently calculated from the time delays using a 
hyperbolic location algorithm.  

The locator has been tested using a variety of experimental approaches and array 
constructions. In tests performed to measure the bearing of the source from the array, the 
locator worked to an accuracy of better than 3 degrees. For range measurements up to 
30 m, the locator was accurate to within 3 m. Further testing is needed to confirm its 
ultimate limit, but it is estimated that it will operate for ranges up to 100 m. The locator 
has been successfully used on site, being able to locate partial discharges on a tv antenna 
situated below a 132 kV overhead line. 

Recommendations are given for further work including development of the algorithm to 
allow 3 dimensional positioning, improved time delay estimation, 50 Hz waveform point 
on wave analysis. Additionally, more testing of the locator is proposed; it is suggested 
that the locator is mounted in a vehicle to allow easier site testing. 
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5 INTRODUCTION 
This report is the final deliverable of Radiocommunications Agency contract AY 3925 - 
Design and production of a working prototype system to capture and store data on 
intermittent and wideband EMC disturbances which can subsequently be used to trace 
and identify the source. This work follows on initial studies made by the University of 
Surrey [Agi00]. The report describes the progress on the development of the interference 
locator during the period January to December 2001. 

An overview of the locator system is shown Figure 5.1. Radiated signals from an 
impulsive noise source are received by an array of antennas. The antenna signals are 
digitised, using a 4 channel sampling oscill oscope, and transferred to a laptop computer 
for analysis. The time delay apparent from the signal received at different array elements 
is calculated using a digital correlation approach. The position of the noise source is 
subsequently calculated from the time delays using a hyperbolic positioning algorithm.  

Since the system is designed to locate, in terms of bearing and range, the noise source 
from a position outside of the antenna array, the time delay between array elements has 
to be calculated to a very high degree of accuracy. 

Figure 5.1 Overview of locator 

The following sections describe the work conducted into establishing (section 2) and 
optimising (section 3) the time delay estimation approach, the location algorithm (section 
4), the hardware (section 5), testing (section 6) and conclusions (section 7). 
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6 TIME DELAY ESTIMATION 
To develop an interference-locator based on closely spaced antenna elements requires 
accurate time delay estimation. This may be achieved by exploiting the impulsive 
character of the noise sources expected to be of interest in this project. By observing the 
signal’s characteristics closely, it is anticipated that a time delay estimation technique 
may be derived on the basis of the following features. 

The signals are typically large, wide-band, transients with rapidly rising edges. A signal 
detection algorithm may not be necessary and a simple triggering algorithm base on 
ampli tude may be adequate. Improved correlation-based location can be achieved by 
reducing the effects of multipath propagation and the effects of cross-talk between the 
receiving array elements. Performance may be further improved by minimising distortion 
that could result in the location receiver front-end via appropriate antenna design and 
strategic geometrical arrangement of the array elements. This section addresses some of 
the fundamental issues raised by these observations. 

6.1 Techn iques for estimating time difference of arr ival 

The Time Difference of Arrival (TDOA) of a signal can be estimated in two ways. 
These are: 

1. Differencing of the absolute Time of Arrival (TOA) measurements made at each 
sensor 

2. Cross-correlating the signal received at one (or more) sensor(s) with the signal 
received at all other sensors 

While (1) is feasible, (2) dominates the field of TDOA estimation in practice due to its 
easier implementation. The discussion of TDOA estimation here is therefore restricted to 
that based on cross-correlation. 

In the following section, a general model for TDOA estimation is developed and the 
techniques for TDOA estimation are presented. 

6.2 Overview of t ime delay estimation techn iques 

The time-delay estimation problem occurs in various applications, e.g. the determination 
of range and bearing in radar and sonar problems [Nik88,Car81,Kna76,Ham74]. It also 
has some more esoteric applications, such as the measurement of the temperature of a 
molten alloy. Other applications include tracking and location of Radio Frequency (RF) 
sources [Tun00]. 

6.2.1 General model for time delay estimation 

A basic model for the estimation of time delay comprises records from two sensors of a 
signal in the presence of noise, one signal record being a delayed replica of the other, see 
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Figure 6.1. The signals, x1(t) and x2(t), received by a pair of sensors, spatially separated 
by a distance cD, (c = 3 x 108 m/s is the propagation velocity of e/m waves) are given 
by: 

)()()( 11 tntstx +=
 

(6.1)
 

)()()( 22 tnDtstx ++= α  (6.2) 

where D is the delay (to be estimated), α is the relative ampli tude of the second signal, 
n1(t) and n2(t) are wide-sense stationary, uncorrelated, Gaussian noise processes. The 
impulsive ‘noise’ signal of interest, s(t), is also uncorrelated with n1(t) and n2(t) and, 
being of finite duration, may be treated deterministically. This representation assumes no 
prior knowledge of the signal’s characteristics 

6.2.2 Cross-correlation 

Estimation of time delay D is conventionally achieved using the cross-correlation 
function Cx,x(τ). This is a measure of the similarity of two functions xi(t) and xj(t) as one 
is displaced through time by an amount τ relative to the other. Cx,x(τ).is given by: 

( ) [ ] 2,1,)()( =+= jitxtxEC jixx ji
ττ  (6.3) 

Although calculation of the cross-correlation function is essentially a time domain 
problem, many modifications of this approach have been made based on frequency 
domain techniques. It is therefore appropriate at this point to further develop the 
frequency domain analysis. 

The frequency spectrums of the signal and noise components are given by: 

{ })(F)( txfX i=  (6.4) 

{ })(F)( tsfS =  (6.5) 

{ })(F)( tnfN i=  (6.6) 

where F denotes the Fourier transform. section 6.6 describes how consistent frequency 
domain estimates of stationary signals can be obtained. The cross power spectral density 
can be calculated using the Wiener-Khinchine theorem, i.e.: 

{ })(F)( τ
jiji xxxx CfP =

 (6.7) 

or, more directly, using: 

)()()( fXfXfP jixx ji

∗=
 (6.8) 

Making substitutions from equations (6.1)and (6.2) via equations (6.4) and (6.5) (using 
the Fourier transform time delay theorem) into equation (6.8): 
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∗− ++= )]()()][()([)( 2121
fNefSfNfSfP Dj

xx
ωα

 (6.9) 

Since it is assumed that the signal and noise are uncorrelated the cross-spectral density 
simpli fies to: 

)()()(
2121

fPefPfP nn
Dj

ssxx += − ωα
 (6.10) 

If the distance between sensors recording the two signals is greater than the spatial de-
correlation distance of the noise process then n1(t) and n2(t) are uncorrelated. The result 
is that the second term of equation (6.10) is negligible and equation (6.10) reduces to: 

Dj
ssxx efPfP ωα −= )()(

21  (6.11) 

Equation (6.11) can be expressed in time domain as: 

nconvolutiodenotesDCC ssxx ** ,)()()(
21

−= τδτατ
 (6.12) 

Equation (6.12) shows that the correlation peak of Css(τ) is displaced by (the time delay) 
D seconds which may therefore be readily estimated. Given the foregoing assumptions, 
Css(τ) is the autocorrelation of the target signal s(t). Cx1,x2(τ) can be estimated from a 
finite number of observations of the antenna signals x1(t) and x2(t). 
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6.2.3 Frequency domain weighting function 

In practice, the non-ideal signal propagation environment can make estimation of D 
problematic. 
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Figure 6.1 Model of impulsive noise propagation and time delay estimation. 

This can be modelled by modification of equation (6.12) in the frequency domain: 

dffjfPfC xxxx )2exp()()()(
2121

τπψτ ∫=
 (6.13) 

where )( fψ  is a frequency weighting function given by )()( 2
*

1 fHfH . )(1 fH  and 

)(2 fH  are the frequency responses of the transmission paths between the impulsive 

noise source and the receiving antennas as shown in Figure 6.1. Note that in the direct 
cross-correlation calculation there is no weighting function introduced to compensate for 
the effects of )(1 fH  and )(2 fH  i.e. )( fψ =1. Consequently, the correlation will be 

poor when the signal-to-noise Ratio (SNR) is low. 

To improve the situation, the weighting function can be estimated and many approaches 
have been developed including the Roth processor [Rot71], the Smoothed Coherence 
Transform (SCOT) [Car73b], the Eckart fil ter [Kna76] and the Hannan and Thomson 
(HT) processor [Han73]. Their main characteristics and differences are summarised in 
Table 6.1. 
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Table 6.1 Table of different processors that employ frequency domain weighting 
functions to improve correlation peak. 

The SCOT [Car73b] and the HT [Han73] weighting functions have been applied to the 
case of impulsive noise source direction finding and location respectively 
[Pec01][Tun00] and are therefore of particular interest. 

6.2.4 The smooth coherence transform (SCOT) 

The SCOT is defined as a Fourier transform of the weighted coherence function. i.e.: 

∫= dfeffWC jw
xxxx

τγτ )()()(
2121  (6.14) 

where, γx1x2(f), the coherence function is given by: 

)()(

)(
)(

2211

21

21 fPfP

fP
f

xxxx

xx
xx =γ

 (6.15) 

and )( fW  is a smooth (e.g. Hanning) windowing function. The numerator of γ in 

equation (6.14) is the cross-spectral power function being transformed and the 
denominator is the frequency domain weighting function that compensates at least in part 
for the effects of the different channel characteristics H1(f) and H2(f). 

The SCOT is designed to accentuate the peak of a cross correlation function by 
introducing a weighting function specifically to determine time delay under the influence 
of weak correlated noise. The problem is best described using Figure 6.2 below: 
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Figure 6.2Model of noise addition process in delayed and non-delayed channels. 

Consider a case where the three sources )(ts , )(1 tn  and )(2 tn  are uncorrelated. Both 

)(1 tx  and )(2 tx  contain the signal components of )(ts  with the signal component of 

)(2 tx  being spatially delayed by time D. If the total power of the uncorrelated 

components, )(1 tn  and )(2 tn  is more than that of )(ts , then the true correlation peak 

indicating the time delay may be obscured. The noise components however cannot be 
removed by fil tering since )(ts  may contain both broadband and narrowband 

components. 

The (complex) coherence spectrum of )(1 tx  and )(2 tx  may be written as: 

2/12/1 )]()([)]()([

)(

2211

21 fPfPfPfP

efP

nnssnnss

Dj
ss

xx ++
⋅

=
ω

γ
 (6.16) 

If the spectrum of )(
11

fP nn  or )(
22

fP nn  is much larger than )( fPss  at only a few 

frequencies, then 1)(
21

<<fxxγ  only at these frequencies. If )( fPss  is large compared 

to )(
11

fP nn  and )(
22

fP nn  then Dj
xx ef ωγ ≅)(

21
. In this case the SCOT, gives an 

estimation of the delay in the time domain by a narrow pulse occurring at τ = -D. The 
coherence function, which is used in the automatic frequency weighting adjustment 
scheme needs to be estimated, see section 2.6. 

6.2.5 Hannan and Thomson p rocessor 

A detailed assessment of the major techniques available [Kna76] has concluded that the 
Hannan and Thomson (HT) processor [Hah73] provides the optimum likelihood 
weighting function for time delay estimation. The HT frequency domain weighting 
function is defined by: 


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 −

⋅=
2

2

)(1

)(

)(
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21
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f

fP
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xx
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 (6.17) 




