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Abstract

In this thesis, we propose, a Robust data extraction algorithm capable of extracting reliable target
features of multiple moving targets of different classes over all channels of a S Band Doppler Polarimetric
Radar PARSAX. The proposed algorithm is capable of generating a time series data by tracking, clusters
of detections - representing extended targets using a multi target tracker modified to track on sequential
frames of Range Doppler Maps .The targets considered in this study are Automobiles of different classes
(4 wheel drive and above). A performance analysis of the algorithm, for data extraction possibility with
respect to target density has been presented. In addition the possibility to use the extracted features
for Radar Classification has been investigated.
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1
Introduction

1.1. Motivation
The area of research which focuses on the possibilities of a radar to access and predict
the outcome of events is termed as Cognitive Radar, where the term cognition stands
for "knowing, perceiving or conceiving as an act" [2]

One of the major use cases of Cognitive radar is, in the area of Automatic Target Clas-
sification(ATC), where a target detected by a radar is recognised based on its features,
identified as a specific class and finally classified as a target of the identified class.

The primary requirement for an ATC to classify a target, is a feature database, which
contains information to recognise the targets, belonging to a specific class. Thus if a new
class of targets have to be identified, it would require a feature analysis to be conducted
on that specific class of targets. Hence it is safe to say, features play a vital role in ATC
systems and the analysis of new features to recognise new targets is mandate for such
systems.

In general , features that are used to recognise a target can vary based on the type of
targets and type of system used to extract features from a target.

With the advent of high resolution radar systems, targets whose dimensions are larger
when compared to the resolution of the radar, occupy multiple resolution cells by report-
ing multiple detections from a single measurement[3][11][12], this makes it possible to
acquire additional features that could provide better results when compared to conven-
tional systems. The approach is fairly straight forward, when dealing with static targets.
However when considering the case of moving targets having fluctuating measurements,
the process of feature extraction is rather complicated. In addition when considering real
world scenarios with varying number of extended moving targets, consisting of various
data-association bottlenecks, the task at hand is challenging.

As ATCs are real time systems working under such complicated environments, it only
seems fair, to analyse and acquire features from targets in real world scenarios, thus
improving the performance of ATCs, which would eventually make Cognitive radars a
reality.

1
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1.2. Goals
The following can be described as the goals / objects of this study:

• To propose an approach to extract real radar data from moving extended targets.

• To identify features of an extended target, that can be used to differentiate between
two or more moving extended targets.

• To investigate the possibilities of categorising the target into different class based
on the identified features.

1.3. Literature Review
To identify a suitable approach to classify extended moving targets, a wide range of
literature has been investigated. The various approaches followed by academics and
industries can be broadly classified as follows:

1. Imaging Based Approaches[21][32][33]

2. Model based Approaches[3][4][11][12]

3. Micro- Doppler Approaches [68][69]

Imaging approaches mainly focus on extracting high resolution 2 dimensional images
capturing the extent of a target in range and cross range or single dimension High
Resolution Range profile (HRRP), which measures the RCS of a vehicle along the range
dimension using a Synthetic aperture radar. The obtained image based features are
used with template matching techniques to differentiate between targets or different
structures.

Model Based approaches consider estimating the RCS of a moving target by using math-
ematical model to predict the distribution of the extended moving targets, the obtained
distributions are investigated based on the KullbackLeibler divergence for possible varia-
tions from known distribution. In case of industries, the use of sophisticated test benches
inside expensive anechoic chambers are used to obtain precise measurements of ground
vehicle from different aspect angles [71][72].

For studies related to micro doppler patterns are widely carried out considering humans
and animals as targets, where movement of the parts of the body constitute the micro-
doppler pattern, however, very little studies related to micro doppler patterns from
extended ground targets is known. This may be primarily due to the unavailability of
systems with high doppler sensitivity.

It is also interesting to note that very little literature is available which focus on the
extraction of polarimetric data for feature analysis. In most cases Doppler Polarimetric
radars are incapable of extracting a full polarimetric scattering matrix for a target (to
be explained in following sections 3).

However the considered "PARSAX: S-band polarimetric Doppler radar" is capable of
measuring all elements of the Polarisation scattering matrix [10], thus an opportunity
to explore the possibilities for Polarimetric feature analysis.
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1.4. Novelties and Contributions
In this study the following topics/concepts have been investigated, analysed and demon-
strated:

• We investigate the possibilities of mitigating the various data-association prob-
lems,when dealing with closely spaced moving extended targets over multiple frames
of data, using radar polarimetry .

• A Novel, Multi Channel Data extraction Algorithm (MCDA) based on the "Flood
Fill algorithm" and "Polarimetric Data Fusion concepts", is proposed for the miti-
gation of Level 1 data-association bottlenecks, concerning measurements of closely
space extended targets from channels of differing nature.

The approach is demonstrated by extracting the full polarimetric data, simultane-
ously from 4 different channels of a Doppler Polarimetric Radar -Parsax, for every
target over multiple frames of measurement. The extracted data is stored as a
"Target Detection Database".

• We investigate the possibilities of creating a time series data of raw measurements
for moving extended targets, by solving level 2 data associating problem concerning
varying number of moving targets over multiple frames of measurement.

• A Multi Target Data association Filter (MTDF), based on Nearest Neighbour
Kalman tracker is proposed, for associating the extended targets, detected over
multiple frames of measurement.

The approach is demonstrated by tracking and associating multiple measurements
for multiple targets over multiple frames of data to create the required time series
data. The time series data created for every target is stored as a "Target Track
Database".

• An performance metric for assessing the various radar data association concerns
when creating the proposed time series data has been formulated and the same
has been used for evaluating/identifying level 3 data association cases, concern-
ing successive merging and splitting measurements of extended targets (a typical
phenomenon encountered when measuring data from dense target locations).

The proposed metrics are validated using synthesised cases and utilised in accessing
the quality of the created time series data based on real radar data for every target.

• An analysis based on concepts from literature [5],[22],[23],[27],[29],[31],[62] is con-
ducted over the extracted time series data, to identify possible features to char-
acterise moving extended targets. The identified features are extracted for every
target and stored as a "Target Feature Database"

• A proof of concept to investigate the possibility, to use the extracted features for
future studies related to target classification/ clustering have been presented.

Throughout this study the term target(s) applies to different classes of moving automo-
biles captured using the S band Doppler Polarimetric FMCW Radar PARSAX.
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1.5. Thesis Structure
The thesis has been structured to explain and validate each individual segment of the
proposed algorithm:

Chapter 2: Characterisation of Extended Moving Targets using FMCW Radars

In this section fundamentals of range doppler processing in case of FMCW radar have
been discussed and how the same has been adapted for creation of the measurement and
tracking space called "Range Velocity Cube" has been illustrated. The section includes
the design of a MTI stage, 2D Cell Averaging CFAR detector and the mathematical
model for an extended target characterised on the range velocity space.

Chapter 3:Multi Channel Polarimetric Data Extraction using FusionCluster based
on Flood Fill Algorithm

In this section the concepts related to polarimetric data have been discussed and the
doppler processing stage from the previous chapter has been extended to the range
velocity maps created across 4 different polarimetric channels.

A study on related algorithms for unifying detections of an extended target has been
carried out, and the use of the "Flood Fill" algorithm for the same and characterising
the extended target as objects on the range velocity image have been presented.

Possible data fusion strategies for combining detections across the polarimetric chan-
nels for extracting full polarimetric data simultaneously across all channels has been
investigated and presented.

Chapter 4:Inter-frame Data Association mitigation using Multi Object Tracking

In this section, possible data association concerns with measurements from different
channels over multiple frames has been discussed and steps to mitigate the same using
the science Multi Target Tracking has been presented. A performance metric evaluating
data association concerns discussed, has been proposed and evaluated on synthesised
cases.

Chapter 5: Feature Analysis for ExtendedMoving Targets using time series data

In this section, the fundamentals related to target feature analysis have been discussed
and possible candidates as "features" of an extended target have been identified. The
fundamentals of label-less classification - Clustering has been discussed and a sample
example of the same has been presented.

Chapter 6: Experimental Results

In this section we present data collected from a highly dense traffic location -A13 highway,
and use the same to create 3 databases specific to detections, tracks and features.

Each section of the report discussed is demonstrated on the real radar data situations
and a quality metric for the database extracted is provided.
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A proof of concept to use the extracted features for categorising the targets into sub-
classes has also been presented.

Chapter 7:Conclusion and Future Work
In this section, the final conclusions of this study are summarised along with possible
limitations, open topics and extension of the study as a future scope.





2
Characterisation of Extended Moving

Targets using FMCW Radars

In this Chapter the basics of range doppler processing chain for the FMCW radars, De-
sign of a Cell Averaging Constant False Alarm Rate Detector and mathematical model
for characterising extended targets as cluster of detections have been discussed, in addi-
tion the measurement space ’Range Velocity Cube’ used for tracking and data extracting
is introduced.

2.1. Range Doppler Processing for FMCW radars
Frequency modulated continuous wave radar are preferred in both military and civil-
ian applications due the ability to determine the range and radial velocity of target
simultaneously[22]. The basic block diagram of a FMCW radar is as shown in figure2.1.

Figure 2.1: FMCW Radar monostatic

The transmitted signal is given by:

7
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𝑠ፓ(𝑡) = 𝐴ፓ𝑒𝑥𝑝(𝑗2𝜋𝑓𝑡 + 𝑗𝜋𝛼𝑡ኼ) (2.1)

where, 𝑡 is the instantaneous time for the chirp of duration 𝑇 such that −𝑇/2 < 𝑡 <
𝑇/2,𝐴ፓ is amplitude of transmitted signal,𝛼 = ፁ

ፓ is the ratio of Bandwidth 𝐵 and chirp
duration 𝑇, 𝑓 is the centre carrier frequency.

The transmitted signal when encounters a target is scattered back to the radar , the
received signal at the receiver is given:

𝑠ፑ(𝑡) = 𝐴ፑ𝑒𝑥𝑝(𝑗2𝜋𝑓(𝑡 − 𝜏) + 𝑗𝜋𝛼(𝑡 − 𝜏)ኼ) (2.2)

where, 𝜏 represents the delay due to the presence of a target and is given by ኼፑᎲ
 .

Thus we see from equation 2.1 and 2.2, the transmitted and received signal consists
of a phase and amplitude components for from a single pulse for a single target. The
following subsections the relation/ effect of the amplitude and phase component due to
a presence of a target are discussed:

2.1.1. Phase
Consider the phase of the transmitted wave and received wave with delay 𝜏 in equation
2.3 and 2.4.

𝜙(𝑡) = 2𝜋(𝑓𝑡 + 0.5𝛼𝑡ኼ); 𝑡 ∈ (
−𝑇
2 ,

𝑇
2) (2.3)

𝜙(𝑡 − 𝜏) = 2𝜋 (𝑓 (𝑡 − 𝜏) + 0.5𝛼(𝑡 − 𝜏)ኼ) (2.4)

hence the phase post demodulation and dechirping is given by:

Δ𝜙(𝑡) = 𝜙(𝑡) − 𝜙(𝑡 − 𝜏)
= 2𝜋(𝑓𝜏 + 𝛼𝜏𝑡 − 0.5𝛼𝜏ኼ)

(2.5)

consider the case for a moving target with a velocity v at a distance R which is incident
by a burst of n chirps, the delay wrt to the target is given by: (Assuming an approaching
target has a positive delay).

𝜏(𝑡) = 2𝑅 + 2𝑣𝑇𝑛 + 2𝑣𝑡
𝑐 𝑡 ∈ 𝑣𝑇𝑛 + (−𝑇2 + 𝜏, 𝑇2 + 𝜏) (2.6)

where, 𝑐 is the speed of light,𝑇 is chirp duration, 𝑡 is the fast time and 𝑛 is slow time
index.

Substituting equation 2.6 in equation 2.5 we arrive:

Δ𝜙(𝑡, 𝑛) = 2𝜋(𝑓
2𝑅 + 2𝑣𝑇𝑛 + 2𝑣𝑡

𝑐 + 𝛼2𝑅 + 2𝑣𝑡𝑛 + 2𝑣𝑡𝑐 𝑡) − 𝜋𝛼(2𝑅 + 2𝑣𝑇𝑛 + 2𝑣𝑡𝑐 )
ኼ

= 2𝜋(2𝑟𝑓𝑐 + (2𝑅𝛼𝑐 + 2𝑣𝑓𝑐 )𝑡 + 2𝛼𝑣𝑐 𝑡ኼ + (𝑓
2𝑣
𝑐 + 𝛼𝑡2𝑣𝑐 )𝑇𝑛)

(2.7)
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consider the shift in frequency 𝑓 due to target velocity given and delay due target at
range R as below :

𝑓 = 2𝑣𝑓
𝑐

𝜏 = 2𝑅
𝑐

(2.8)

considering equation 2.8 in equation 2.7 :

Δ𝜙(𝑡, 𝑛) = 2𝜋(𝑓𝜏 + 𝛼𝜏𝑡 + 𝑓 𝑡 +
2𝛼𝑣𝑡ኼ
𝑐 + 𝑓 𝑇𝑛 + 𝛼𝑡2𝑣𝑐 𝑇𝑛) (2.9)

as the ratio of ፯
 < 1 and under the assumption 𝛼𝜏 + 𝑓 ≈ 𝛼𝜏 the above equation is

approximated as

Δ𝜙(𝑡, 𝑛) ≈ 2𝜋(𝑓𝜏 + 𝛼𝜏𝑡 + 𝑓 𝑇𝑛) (2.10)

2.1.2. Amplitude
Consider the received signal from a target located range 𝑅.

𝑃ፑ =
𝑃ፓ𝐺ፓ𝐺ፑ𝜎𝜆ኼ
(4𝜋)ኽ𝑅ኾ (2.11)

where, 𝑃ፓ is the peak transmitted power in watts, 𝐺ፓ is the gain of the transmit antenna,
𝐺ፑ is the gain of the receive antenna, 𝜆 is the carrier wavelength in meters, 𝜎 is the RCS
of the target in square meters, 𝑅 is the range from the radar to the target in meters.

Considering the case of simple target the received amplitude before dechirping is given
by:

𝐴ፑ = 𝐴ፓ𝑒፣Ꭵ√
𝐺ኼ𝜆ኼ𝜎
(4𝜋)ኽ𝑅ኾ (2.12)

Assuming unit amplitude transmitted we can consider 𝐴 = 𝐴ፓ𝑒፣Ꭵ the complex reflec-
tively and parameters wrt to the target as constant given by:

𝜇(𝑅, 𝜆) = √ 𝐺ኼ𝜆ኼ𝜎
(4𝜋)ኽ𝑅ኾ (2.13)

Considering the above assumptions the received signal for a burst of n chirps with phase
information derived from equation 2.10 can be considered as :
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𝑠ፑ(𝑛, 𝑡) = 𝐴ፑ𝑒፣ጂᎫ𝐴ፓ𝜇(𝑅, 𝜆)𝑒ዅ፣Ꭵ𝑒ኼ(፟ᑔᎡᎎ፭ዄ፟ᑕፓ፧)

= �̂�𝑒ዅ፣Ꭵዄ፣ኼ፟ᑔᎡ𝑒ኼ(ᎎᎡ፭ዄ፟ᑕፓ፧) (2.14)

where, �̂� represents the estimated amplitude received from a target at a range R, 𝜏 is
delay by which the FMCW waveform is shifted, 𝑓 Doppler Shift in frequency due to
motion of the target, 𝛼 is slope of FMCW waveform, 𝑓 is carrier frequency,𝑛 is slow
time index, 𝑡 is fast time.

When considering the case of more than one target present the equation 2.14 is considered
as:

𝑠ፑ(𝑛, 𝑡) =
ፍ

∑
።ኻ
�̂�።𝑒ዅ፣Ꭵዄ፣ኼ፟ᑔᎡᑚ𝑒ኼ(ᎎᎡᑚ፭ዄ፟ᑕᑚፓ፧) (2.15)

where, i is the index of target and N is total number of point like targets.

2.1.3. Fast Fourier Transform
In order to estimate the range and doppler shifts of every N target, a two stage FFT
processing is applied on the fast time and slow time of the dechirped received signal as
given below:

Consider equation 2.14:

𝐹𝐹𝑇 [𝑠ፑ(𝑛, 𝑡)] =
1
√2𝜋

∫∫ �̂�𝑒ዅ፣Ꭵዄ፣ኼ፟ᑔᎡ𝑒፣ኼ(ᎎᎡ፭ዄ፟ᑕፓᑟ)𝑒ዅኼ፟ᑥ፭𝑒ዅኼ፟ᑟ፧𝑑𝑡𝑑𝑛

= 1
√2𝜋

�̂�𝑒ዅ፣Ꭵዄ፣ኼ፟ᑔᎡ∫∫𝑒፣ኼ(ᎎᎡ፭ዅ፟ᑥ፭)𝑒፣ኼ(፟ᑕፓᑟዅ፟ᑟ፧)𝑑𝑡𝑑𝑛

= 1
√2𝜋

�̂�𝑒ዅ፣Ꭵዄ፣ኼ፟ᑔᎡ∫∫𝑒፣ኼ(ᎎᎡዅ፟ᑥ)፭𝑑𝑡𝑒፣ኼ(፟ᑕፓዅ፟ᑟ)፧𝑑𝑛

= 1
√2𝜋

�̂�𝑒ዅ፣Ꭵዄ፣ኼ፟ᑔᎡ𝜕(𝛼𝜏 − 𝑓፭)𝜕(𝑓 𝑇 − 𝑓፧)

(2.16)

where, 𝑓፭ and 𝑓፧ are the frequency components on fast time and slow time respectively.

The presence of a target can be identified as a peak appearing in the 𝛼𝜏 in range domain,
𝑓 𝑇 in the frequency domain, with an amplitude as per equation 2.17 and phase2.18 as:

�̂� = 𝐴፫
√2𝜋

√ 𝐺ኼ𝜆ኼ𝜎
(4𝜋)ኽ𝑅ኾ (2.17)

�̂� = −𝜓 + 2𝜋𝑓𝜏 (2.18)

The same extended for a multiple target case can be given by:



2.1. Range Doppler Processing for FMCW radars 11

𝑆ፑ(𝑅, 𝑓 ) =
ፍ

∑
።ኻ

1
√2𝜋

�̂�።𝑒ዅ፣Ꭵዄ፣ኼ፟ᑔᎡᑚ(𝑅። , 𝑓 ᑚ) (2.19)

where; 𝑆ፑ(𝑅, 𝑓 ) is your received target return in range and doppler
(𝑅። , 𝑓 ᑚ) corresponds to index of ith target at ith Range bin and ith Doppler bin.
�̂� is the amplitude corresponding to the target at coordinates(𝑅። , 𝑓 ᑚ)
Figure 2.2 illustrates the output of the two stage doppler processing for a noiseless case.

Figure 2.2: Range Doppler plot obtained after the two stage doppler processing for returns from targets for a noiseless
case.
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2.1.4. Moving Target Indicator
When considering the case of real radar measurements, the influence of noise and clutter
have to be taken into account. The noise can be considered as a Gaussian random process
with samples statistically independent to each other and those of clutter measurements
centred at zero.Clutter generally arises due to the presence of unwanted objects within
the Radar beam, such as trees, birds, wind, etc.. as the returns from unwanted objects
may be not have the same statistics for every instant of the measurement, it gives rise
to an effective additive amplitude to the clutter returns[23]. In addition as the clutter is
not stationary , for example moving trees due to wind, it gives rise to a clutter spectral
spread, although this effect is relatively small, it still results in a Doppler shift for returns
from the clutter. This results in a clutter spectrum concentrated at zero doppler and at
period intervals of the radar PRF, as a result information related to slow moving targets
are lost, hence it is necessary to filter out zero doppler spectrum, which can be done
using a single linear high pass filter called Moving Target Indicator (MTI) filter applied
on slow time data to suppress the clutter components.

Consider the received returns from the radar consisting of noise and clutter given by
equation 2.20:

𝑆ፑ(𝑓) =
ፍ

∑
።ኻ
𝑆ፑ(𝑓𝑛። , 𝑓𝑡።) + 𝑁(𝑓) + 𝐶(𝑓)

=
ፍ

∑
።ኻ

1
√2𝜋

�̂�።𝑒ዅ፣Ꭵዄ፣ኼ፟ᑔᎡᑚ𝜕(𝛼𝜏። − 𝑓፭)𝜕(𝑓𝑑።𝑇 − 𝑓፧) +
𝑃

𝑇𝜎፟√2𝜋

ጼ

∑
፤ዅጼ

exp(−(𝑓 − 𝑘/𝑇)
ኼ

2𝜎ኼ፟
)

(2.20)

where; T is 1/PRF, Pc is the clutter power and k is index of samples.

The spectral information for the returns from a radar, consists of noise and clutter, as
the clutter comprises of stationary unwanted ground reflections with a minimal relative
motion wrt to the radar, its power spectrum is concentrated at zero doppler[23].

𝜎፟ represents the over all clutter spread consisting of summation of standard deviations
of clutter fluctuations within the radar beam and root mean square velocity of the clutter
due to wind is give by equation 2.21:

𝜎፟ =
2 ∗ 𝑣𝑟𝑚𝑠(፰።፧፝)

𝜆 (2.21)

As the clutter spectral spreading is « compared to PRF, as shown in equation 2.20, the
mean square value of clutter power can be calculated from:

𝑃𝑐 = 1
𝑃𝑅𝐹

ፏፑፅ/ኼ

∫
ዅፏፑፅ/ኼ

𝑆𝑐፨(𝑓)𝑑𝑓 (2.22)

where; 𝑆𝑐፨(𝑓) denotes the central portion of clutter power spectrum.
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hence the clutter is expressed as a Gaussian shape function given by:

𝑆𝑐፨(𝑓) =
𝑃𝑐

𝑇𝜎፟√2𝜋
𝑒𝑥𝑝 (− 𝑓ኼ

2𝜎፟ኼ
) (2.23)

The presence target, clutter and noise for the returns from radar is as shown in figure
2.3 below:

(a) Range Slow time plot (b) Range Doppler Plot

Figure 2.3: (a) Horizontal lines represent zero doppler information corresponding to stationary clutter, the lines with
positive and negative slopes indicate moving targets with a constant velocity equal to slope of the line; (b) Range Doppler
plot showing target occupying co-ordinates [ᎎᎡ, ፟ᑕፓ] as per equation 2.19

Figure 2.4: 3D representation of Range Doppler plot showing Gaussian shape clutter spread around zero doppler with a
magnitude as result of summation of clutter amplitude for a collection n slow-time samples
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In order to suppress the target like reflections from clutter spread at zero doppler and
allows returns from target only with little or no degradation, a high pass filter allowing
only doppler spectrum above the cut off frequency greater than maximum clutter spread
is designed[24]. The MTI stage designed for this study consists of a 2nd order High pass
Butter-worth filter , with transfer function given by:

𝐻(𝑗𝜔) = 1

√1 + ( ፟ᑔ፟ᑕ )ኼ
= {

0
1/√2
1

𝑓 < 𝑓
𝑓 = 𝑓
𝑓 = ∞

(2.24)

where; 𝑓 are the doppler frequencies of both target and clutter,
𝑓 is cut off frequencies greater than clutter doppler spread.

The magnitude and phase response of the designed filter is as shown in figure2.5

Figure 2.5: The blue line shows the magnitude response for considered range of frequencies and similarly the red line
shows the effect of phase response

The filter applied along the slow time axis of the measured radar data and than FFT is
performed to generate the clutter free range doppler map, the related performance and
improvement due to the MTI stage can be visualised from figure 2.6 and 2.7 as seen
below:
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Figure 2.6: (a) The 2D view of range doppler plot with clutter present (b) The 2D view of Clutter free range doppler plot

Figure 2.7: (a) shows the presence of a strong clutter and spread around zero doppler region, (b) shows the effect of MTI
stage on the data set in eliminating clutter

2.2. CFAR Detector

For any Radar system, a detection is based on the received reflections at the radar and
the ambient thermal noise present in the receiver. In general, measurements from a
target are collected in range, angle, cross range and Doppler, individually or combined.
The received Radar measurements are sampled as per resolution of the dimension in
which they were collected. Once collected, the Radar detection works on the principle
of threshold comparison using a Likelihood Ratio Test (LRT). In most situations strong
variations in the interference power, mostly due to thermal noise or variations in ter-
rain reflectively give rise to False alarms, which cause the radar to invoke actions that
consume finite Radar resource.[5].

Hence most Radars are designed to accommodate a specific false alarm rate. In this sec-
tion the design of a 2D Cell Averaging Constant False Alarm Rate (CA-CFAR) Detector
for the scope of this thesis will be discussed.
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2.2.1. Basic CFAR Design
The Basic architecture and elements for a CFAR algorithm are as shown in figure 2.8
below:

Figure 2.8: CFAR architecture [5]

The CFAR detector works on the principle of LRT, a target is detected when the return at
a resolution cell of a measurement space is greater a determined threshold. In most real
world scenarios the noise and clutter characteristics are unknown and thus the threshold
has to be estimated. To estimate the threshold a CFAR window is considered within the
measurement space also know as the data window, this consists of leading and lagging
reference window 𝑁ፓ, a Guard window and the cell which is tested for a target called
Cell under test (CUT). The characteristics of the noise and clutter are estimated by
considering the measurements in the reference window, a threshold for determining the
presence of the target in CUT cell called the CFAR threshold given by ’T’ is calculated,
by considering a CFAR constant 𝛼 which is calculated for a desired 𝑃ፅፀ. The Guard
window as the name suggests is placed around the CUT cell to avoid measurements from
target which may be present in nearby cell, from biasing the estimated threshold[5]. The
calculation of the CFAR constant is given by the relation in equation 2.25:

𝛼 = 𝑁ፓ(𝑃
ᎽᎳ
ᑅᑋ
ፅፀ − 1) (2.25)

where, 𝛼 is the CA-CFAR constant, 𝑁ፓ is the reference window, 𝑃ፅፀ is probability of
false alarm.
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2.2.2. 2D Cell Averaging CFAR
The most widely used CFAR detector is the Cell Averaging CFAR, as the name suggests
the noise power is calculated by averaging over the training cells around the reference
window, the estimated noise power is computed as:

𝑃፧ =
1
𝑁ፓ

ፍᑋ

∑
፦ኻ

𝑥፦ (2.26)

where, 𝑥፦ is the measurement at 𝑚፭፡ Training cell.

Based on the dimension of data, the dimension of the CFAR window is chosen, an
example of 1D CFAR and 2D CFAR are as shown in figure 2.9 below:

Figure 2.9: 1D and 2D CFAR[6], In both cases ፱ᑚᑛ represents the cell under test (CUT) surrounded by either a square
or rectangular shaped guard window, given by G, which is flanked by the reference window, as mentioned the difference
between signal to noise is calculated based on the difference between signal strengths between reference cell and CUT
section.

In case of this study as the measurement space is a 2 dimensional range velocity map
is considered, hence a 2D CFAR detector has to be designed. In order to accommodate
both point targets and extended targets (to be introduced) the Guard Band is chosen
relatively large compared to the reference cells to avoid target miss as a result of wrong
noise power estimations due to large targets occupying both reference window and guard
window which would result in the same intensity levels leading to result of no target
detection even when targets are present. The values of Guard window and Reference/
training window are determined based on trial and error.
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2.2.3. Performance 2D CA-CFAR
The performance of a CA-CFAR is evaluated based on CFAR loss, target masking and
clutter boundaries in comparison to a NP detector for a given Probability of Detection
𝑃ፃ. In general the CFAR threshold must be equal or close to the threshold defined by an
NP detector, this is not possible in the cases of real data measurements as the variance
in the CFAR statistic pushes the CFAR threshold to be greater than that of an NP
detector for the given same 𝑃ፅፀ, therefore indicating a loss in SINR to achieve the same
𝑃ፃ as a NP detector, the "CFAR loss" is thus defined as the ratio in SINR required by
the CA-CFAR to that required by a NP detector for a given 𝑃ፃ [5]. The mathematical
derivation of the same is as shown below:

The expression of 𝑃ፃ and 𝑃ፅፀ derived for a NP detector are as shown below:

𝑃ፅፀ = exp(−𝑇𝜎ኼ።
) (2.27)

where 𝜎ኼ። is variance of measurement. 𝑃ፃ is defined by

𝑃ፃ = exp( −𝑇
𝜎ኼ። (1 + 𝑆𝐼𝑁𝑅)

) . (2.28)

SINR as function of 𝑃ፅፀ and 𝑃ፃ for a NP detector is given by :

𝑆𝐼𝑁𝑅ፍፏ =
ln(ፏᐽᐸፏᐻ )
ln(𝑃ፃ)

(2.29)

SINR as function of 𝑃ፅፀ𝑎𝑛𝑑𝑃ፃ for a CA-CFAR detector is given by :

𝑆𝐼𝑁𝑅ፂፀ =
(ፏᐽᐸፏᐻ )

ኻ/ፍ − 1
1 − (𝑃ፃ)ኻ/ፍ

(2.30)

The CA-CFAR loss is thus given by:

𝐿ፂፀዅፂፅፀፑ =
𝑆𝐼𝑁𝑅ፂፀ
𝑆𝐼𝑁𝑅ፍፏ

(2.31)

The 2D CA-CFAR designed in the case of this study has the following parameters, a
square training window of size 4 × 4, a square guard window of 6 × 6 and a 𝑃ፅፀ = 10ዅዀ.
The Performance comparison of the designed CFAR with the NP detector is as shown
below:
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Figure 2.10: Threshold Comparison CA-CFAR vs NP for a specific doppler bin, it is clearly seen that the CA-CFAR
out-performances the NP detector for the considered data-set.

The CA-CFAR performance is also evaluated using receiver operating characteristics
(ROC), which evaluates the probability of detection of targets above the CA-CFAR
threshold can be determined by the SNR roc curves and the performance for different
values of Pfa can be determined by the Pfa roc curves as shown in figures 2.11 and 2.12.
As the measurement consists of extended targets[25][26] (to be explained in detail in
next section), the ROC curves are considered for Swerling 1 model.

Figure 2.11: SNR ROC for designed CA CFAR
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ROC curves are plotted for values 𝑃𝐹𝑎 = 10ዅኾ10ዅዀ10ዅዃ10ዅኻኻ

Figure 2.12: Pfa ROC for designed CA CFAR

2.2.4. Detection Map

The Detection Map is a binary image with consisting of logical high value for every pixel
for the considered range doppler image occupied by a target. The logical high status is
awarded based on CA CFAR threshold calculated for every pixel of the range doppler
plot with respect to the determined reference window.

The output of the CA CFAR is as shown in figure2.13 and is compared against the actual
range doppler plot.

Figure 2.13: (a) The 2D view of range doppler plot and (b) shows the generated Detection map consisting of yellow
objects relating to targets against the blue background indicating the noise floor, it is observed that the detection map is
in agreement with the range doppler plot
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2.3. Extended Target Characterisation
When considering data received from high resolution radars, objects of interest appear
extended in multiple resolution cells of the Radar, hence identified as "extended targets"
[3].

Extended targets can be represented as back-scattered signal reflections from multiple
closely space point like scatters which can be grouped together to characterise one larger
object. In order to understand the possibilities of extended targets, fundamentals related
to range and doppler resolution for a FMCW radar in general and the same for the
considered measurement setup are investigated.

2.3.1. Range Resolution
Range Resolution of a radar can be defined as the minimum distinguishable distance
between two closely space targets at a -3dB criterion from the peak of the main lobe.

It is calculated by the expression:

𝛿𝑅 = 𝑐/(2𝐵) (2.32)

2.3.2. Doppler Resolution
Doppler resolution can be defined smallest detectable difference in doppler shift for a
moving target detected by the FMCW radar system, in general the doppler estimation
depends on the number of slow time samples and duration of the FMCW chirp, the
doppler resolution can be calculated as:

𝛿𝑓 = 1/2𝑁 (2.33)
where N is number of slow time samples;

2.3.3. Extended target as per range doppler resolution
Considering equations 2.19 for multiple targets and considering resolutions in range and
doppler discussed in 2.32 and 2.33, it can be inferred that if 2 point targets , have a
difference in range smaller than or equal to 𝛿𝑅 and the difference in doppler frequencies
between the same same pair of detections is less or equal to 𝛿𝑓 for the considered radar
system, than the pair of detections belong to the same target, holding the previous
statement true, all ’k’ nearest detections that satisfy the discussed conditions, can be
grouped together as one larger, extended target. The mathematical proof for the same
can be as seen in equation 2.35

Consider equation 2.19

𝑆፫(𝑅, 𝑓 ) =
ፌ

∑
።ኻ

1
√2𝜋

�̂�።𝑒ዅ፣Ꭵዄ፣ኼ፟ᑔᎡᑚ(𝑅። , 𝑓 ᑚ) (2.34)

where i is index for every detection such that 𝑖 = [1, 2, ......, 𝑀] with ’M’ as total number
of detections for one range doppler map.
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Let ’k’ represent a group of closely spaced detections, and for every group let there be ’o’
detections, where 𝑜 ⊂ 𝑖 , there fore we can say that two detections belong to the same
group, if the absolute value of the difference between their coordinates is ≤ resolution
of the radar (𝜕𝑅, 𝜕𝑓 ).
Considering a target is extended in range (and/or) doppler, by occupying multiple reso-
lution cell above CA-CFAR threshold designed, the equation for one extended target ’i’
is given by[28]:

𝑆፫። = ∫𝐼(𝑅, 𝑓 )�̂�። (𝑅, 𝑓 )𝜕𝑅𝜕𝑓 (2.35)

where; �̂� is the estimated amplitude of the target scatter appearing at range R and
doppler 𝑓 . The integral indicates the cumulative effect from all range and doppler cells
(𝜕𝑅, 𝜕𝑓 ) occupied by the extended target.

As extended targets have multiple scattering centres and every scattering centres may
have equal or different amplitudes, the total estimated amplitude based equation2.17 is
given by equation 2.36,

�̂�። =
1
√2𝜋

√ 𝐺
ኼ𝜆ኼ

(4𝜋)ኽ
፨

∑
፣ኻ
𝐴፫፣√

𝜎፣
𝑅ኾ፣

(2.36)

where, �̂�። is the estimated amplitude of the ith target,

The phases of each scatterer of an extended target might be either random or corre-
lated [27], hence the resulting RCS will be a random variable following a distribution,
depending on the nature of scatters. Thus the RCS of an extended target as per various
literature [3][27][23] is given by:

𝑝(𝜎) = 𝑘
(𝑘 − 1)! 𝜎ፚ፯

𝑘𝜎
𝜎ፚ፯

፤ዅኻ
𝑒𝑥𝑝[− 𝑘𝜎𝜎ፚ፯

]; 𝜎 ≥ 0 (2.37)

2.3.4. Measurement Set up
In this study, measurements collected from an in house experimental radar -"PARSAX:
High-resolution Doppler-polarimetric FMCW radar" operating at a range resolution of
3.3m[10], target of interest are chosen as automobiles of different types from different
locations. As physical dimensions of the considered targets are larger than or equal to
range resolution of the radar[4], the discussed, characterisation of detections in closely
spaced resolution cell, as a unified extended target is supported. Figure 2.14 shows the
detected target on range doppler space as a cluster of detections.
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Figure 2.14: The figure shows three extended target characterised as a cluster of detections, the green points indicate all
detections spread occupying multiple resolution cells in range and doppler or in doppler only . The red point indicates
calculated centre of gravity

2.4. Range Velocity Cube
In general the term Radar data cube is used in context of MIMO radars [5], where the
dimensions of the cube are fast-time, slow time and number of receive channels, in the
context of this study a modified version of the Radar data cube, termed "Range Velocity
Cube" is considered where the dimensions are range, velocity and multiples of CPI.

Consider a parent data matrix (NxM) consisting of (N)Slow time and Fast time (M) ,
the (NxM) matrix is sampled along its slow time axis considering a smaller collection (k)
slow time samples where,𝑘 << 𝑁, thus creating child data matrix (k x M) , following
which a windowing and a 2D-FFT is performed, this generates a single range doppler
map/image , the doppler information is than converted to velocity using the relation in
equation 2.38 , therefore have a range velocity (RV) image.

𝑉፫ = 𝑓 𝜆 (2.38)

where, 𝑉፫ is radial velocity, 𝑓 is doppler shift wrt target and 𝜆 is wavelength of trans-
mitted waveform.

Considering k’ as the coherent processing interval, every RV image created is stacked
one behind the other. This when viewed continuously shows the evolution of the target
signatures as a function of CPI, which is non other than the slow-time.[30]. The stacked
collection of images, hence forms a movie which represents the movement of a target
in range and velocity. A visual explanation of the processing implementation steps to
obtain the Range Velocity Movie on Matlab is as shown in figure 2.15.

The Range Velocity movie thus created acts as the measurement space containing moving
targets from which data needs to be extracted. To extract data the object is to be tracked
on the subsequent frames of the Range Velocity movie, hence the Range Velocity Movie
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Figure 2.15: Range Velocity Video Algorithm

is also used to present the trajectory for the automobile from which data is extracted.
A detailed explanation of the tracking module is discussed in Chapter 4.

2.5. Conclusion
In this chapter, the basics for range doppler processing for an FMCW radar was dis-
cussed, the characterisation of an extended moving target as an cluster of detections
was presented, the mathematical proof supporting the same was derived. Finally, the
measurement space for tracking the evolution of features of a target on slow time called
the "Range Velocity Cube" is presented. The following chapter, the Characterisation of
the Extended target Cluster using information from all 4 polarimetric channels will be
discussed.



3
Multi Channel Polarimetric Data

Extraction using Fusion Cluster based
on Flood Fill Algorithm

Polarised EM waves, provide more information about a target compared to plain EM
waves, hence studies related to returns from Polarised EM waves is of great interest.
There have been various studies in the past, related to classifying targets using polari-
metric information, for stationary targets [32] and moving target[33] both using imaging
systems such as Synthetic Aperture Radars (SAR), in both cases only information re-
lated co-polar channels (HH and VV) and imaging configurations related to angular
dependencies of incident and scattering directions are studied . Alternatively, very little
study in using parameters related to the target itself[31] such as object geometry or
its dielectric properties, which can be investigated using various EM vector scattering
operations/ operators on the Polarimetric Scattering Matrix.

In this chapter, the fundamentals of radar polarimetry are discussed and the same con-
sidered in the case of measurement setup using the Parsax radar is explained. For
simultaneous data extraction from all 4 polarimetric channels, a novel multi channel
fusion cluster, based on the Flood Fill Algorithm, is presented, its performance in clus-
tering detections related to a specific target to form an extended object is evaluated
against standard ’K nearest neighbours’ technique. The output of this stage of the algo-
rithm forms the "Detection database" which consists of full polarimetric information of
target collected over different multiple frames of the range doppler maps. The detection
database will be used in the next stage to solve inter-frame data association.

3.1. Radar Polarimetry
When an Electromagnetic (EM) wave encounters a target, a portion of the incident wave
is absorbed by the target and the rest is reflected or in better words re-radiated, the
EM wave received by the Radar is thus augmented by the target’s properties. Thus, the
properties of this re-radiated waves are used to identify some features of a target such a
Radar Cross sectional area (RCS). However, when considering Polarised EM waves, the
response is different, which provides additional information, such as the target’s shape

25
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orientation and material composition that can be used in the case of better identifica-
tion and classification of the targets, this information is contained in the Polarisation
Scattering Matrix (PSM) in the form of complex back-scattering coefficients.

In order to determine the PSM, it is necessary to understand the type of radar config-
uration and type of target considered for the study, as this would determine how the
targets are characterised by the polarised EM wave, in this study we focus on a monos-
tatic configuration of the radar meaning, both transmitter and receiver are on the same
co-located platform as shown in figure 3.1

Figure 3.1: Basic monostatic radar configuration[43]

Another important aspect needed to be considered is size of the target compared to the
foot print of the radar system, if the size of the target is smaller than the foot print it is
treated as an isolated scatterer from the perspective of power exchange, hence this target
can be characterised by the radar cross section. In cases where the target is larger than
the footprint of the radar system, the target is characterised independent of its extent,
in this cases it is considered as a scattering co-efficient. As the scope of this study is
limited to cars on a highway, the size of the target is smaller than the footprint of the
radar system, hence in order to better understand the characterisation of a target the
standard radar equation for a monostatic case is considered.

3.1.1. Polarimetry Radar Equation
The radar equation describes the interaction of an EM wave with a given target, by
establishing the relation between the power which is incident on a target ⃗⃗ ⃗⃗𝐸ፈ and the
power which is re-radiated by the same target ⃗⃗⃗⃗⃗𝐸ፒ [31]

𝑃ፑ =
𝑃ፓ𝐺(𝜃, 𝜙)ኼ𝜎𝜆ኼ

𝑅ኾ4𝜋ኼ (3.1)

where,
𝑃ፑ is received power and 𝑃ፓ is transmitted power
𝐺(𝜙, 𝜃) antenna gain as a function of elevation and azimuth
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𝑅 is radial distance between Radar and target
𝜆 is the wavelength
𝜎 is RCS

For targets smaller than the foot print of the radar system as shown in figure 3.2

Figure 3.2: Interaction of EM wave and target smaller than radar foot print[32]

With all parameters of the Radar equation fixed, the RCS expresses the ratio reflected
EM strength from a target to that which was incident on it is given by equation 3.2:

𝜎 = lim
ፑ→ጼ

4𝜋𝑅ኼ
|⃗⃗⃗⃗⃗𝐸፬|

ኼ

|⃗⃗ ⃗⃗𝐸ፈ|
ኼ (3.2)

where,
⃗⃗⃗⃗⃗𝐸፬ is reflected or back-scattered energy received at the Radar
⃗⃗ ⃗⃗𝐸ፈ is incident energy on the target
R is radial distance between target and Radar.

The RCS of a target as per equation 3.2 is a function of the following parameters

• Wave frequency

• Elevation and Azimuth angles of incident and scattering directions - (𝜃ፈ , 𝜙ፈ) ,
(𝜃ፒ, 𝜙ፒ)

• Object Geometrical structure

• Object dielectric properties

In addition when considering the case of a moving target the parameters are now a
function of slow time, hence the mathematical formulation of the same is given by
equation 3.3

𝜎(𝑡) = lim
ፑ→ጼ

4𝜋𝑅(𝑡)ኼ
|⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗𝐸፬(𝑡)|

ኼ

|⃗⃗ ⃗⃗𝐸ፈ|
ኼ (3.3)

where, the notation (𝑡) indicates a function of slow time.

As extended moving targets fall under the class of fluctuating target [34], the RCS is
expected to change wrt time . Depending on the type of target and the behaviour of its
scatters the RCS of a fluctuating target will either change from one slow time burst to
another (in case of slow fluctuating targets) else will change from each PRI (in the case
of fast fluctuating targets)[23][34].
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But when considering RCS as a function of polarisation, the signature of a target cannot
be described using a single value, hence the Polarisation scattering matrix is considered
to describe the interaction of a target with illuminated polarisation component. In the
following section the Polarisation Scattering Matrix (PSM) is introduced.

3.1.2. Polarisation Scattering Matrix
General Literature
When considering polarised EM waves , the RCS of a target depends polarisation of the
incident field ⃗⃗ ⃗⃗𝐸ፈ denoted by p and the polarisation of the scattered field ⃗⃗⃗⃗⃗𝐸ፒ denoted by
q, hence the RCS dependent on polarisation is given by equation 3.4.

𝜎፪፩ = 4𝜋𝑅ኼ
|⃗⃗ ⃗⃗ ⃗⃗⃗𝐸ፒ፪|

ኼ

|⃗⃗⃗⃗⃗⃗⃗𝐸ፈ፩|
ኼ (3.4)

In order to exploit the vector nature of the polarised EM field, the scattering process
at a target is considered as a function of the EM fields, hence we consider the studies
related to polarisation of a plane monochromatic electric field, which can be represented
by the so called Jones vector [31] [35] [36] [37] [38] [39]. In addition when considering
the case of a pair of orthogonal Jones vectors to form a polarisation basis, in which, any
polarisation state of a given EM wave can be expressed. Hence considering the Jones
vectors of the incident and scattered waves, the scattering process occurring at a target
is expressed by equation 3.5 [31]

⃗⃗𝐸፬ =
𝑒ዅ፣፤ፑ
𝑅 ( 𝑆ኻኻ 𝑆ኻኼ

𝑆ኼኻ 𝑆ኼኼ )
⃗⃗𝐸ፈ (3.5)

where, ( 𝑆ኻኻ 𝑆ኻኼ
𝑆ኼኻ 𝑆ኼኼ ) is the Polarisation scattering matrix, elements Sij are called com-

plex scattering coefficients with i for Transmitted and j for Received polarisation.

The diagonal elements of the PSM are termed as co-polar terms referring to the same
polarisation states and the off diagonal elements are called cross-polar terms and provide
the orthogonal polarisation states in the incident and back-scattered waves.

፞Ꮍᑛᑜᑉ
ፑ represents the effects of wave propagation in amplitude and phase on the receiving

wave.
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Polarisation Back-Scattering Matrix (BSM) for Parsax System
A common practice by most polarimetric radars, to measure/ estimate non-/simultaneously
all elements of the PSM, (discussed in previous section) adopt a pulse to pulse switching,
either at the receiver or transmitter sides, this in general causes frequency and phase
ambiguities in polarimetric measurements[40]. To mitigate this bottleneck, the use of
"sounding signals that present a dual orthogonality property" [41][42].

"A pair of opposite (up and down) linearly frequency modulated (LFM) signals, which
occupy the same bandwidth and time interval, can be used in this case. The two probing
signals can then be feed into two differently polarised transmitting channels so leading
to the dual-orthogonality characteristics,"[40][10].

"The PARSAX radar is a fully polarimetric S-band radar which uses dual-orthogonal
digitally generated sounding signals. It is characterised by a high dynamic range at
reception and the advanced digital processing at intermediate frequency allows simulta-
neous measurements of all the elements of the polarisation BSM during one sounding
sweep."[40]. The block diagram in figure 3.3 describes the processing stages of the Parsax
system.

Figure 3.3: Block-diagram of the PARSAX full polarimetric CW radar with dual-orthogonal sounding signals[10]

As the scope of this study does not involve the design of the system, but merely, the
use the of the estimated elements of the BSM from experimental data sets acquired
by the Parsax system pointed over different locations, to emphasise the reflections of
the sounding signal echoes captured from moving cars as targets. The considered scat-
tering coordinate framework for this study is fixed as a monostatic "Back Scattering
Alignment" (BSA), coordinate system is as shown in figure 3.4

where, (�̂�ፓ , �̂�ፓ , �̂�ፓ), (�̂�ፑ , �̂�ፑ , �̂�ፑ), (�̂�ፒ, �̂�ፒ, �̂�ፒ) is the right handed coordinate system of the
transmitter, receiver and scatterer respectively, with the �̂�ፓ pointed towards the target
and , �̂�ፒ pointing away from the target, as the radar is in monostatic configuration , the
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Figure 3.4: BSA monostatic coordinate system[31]

coordinate system for the two antennas coincide.

Hence the estimated polarisation back scattering matrix S for the considered system is
given by equation 3.6[40].

S = ( �̇�ፇፇ(𝜏, 𝑓 ) �̇�ፇፕ(𝜏, 𝑓 )
�̇�ፕፇ(𝜏, 𝑓 ) �̇�ፕፕ(𝜏, 𝑓 )

) (3.6)

where, ̇𝑆፱፱(𝜏, 𝑓 ) represents co-polar components and ̇𝑆፱፲(𝜏, 𝑓 ) represents cross polar
components, with (𝜏, 𝑓 ) representing target range and doppler.

As the radar is considered in a monostatic configuration the cross polar elements have
the same value. Where as in the case of a bi-static configuration the cross polar elements
will also have different values.

Hence the total back scattered power in case of a polarimetric radar system in monostatic
configuration is given by equation 3.7

𝑆𝑝𝑎𝑛 = 𝑡𝑟𝑎𝑐𝑒(𝑆𝑆ፓ) = |𝑆ፇፇ(𝜏, 𝑓 )|
ኼ + 2 |𝑆ፇፕ(𝜏, 𝑓 )|

ኼ + |𝑆ፕፕ(𝜏, 𝑓 )|
ኼ

(3.7)
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3.1.3. Extended Target Characterisation on Polarimetric Channels
Based on the processing stages discussed in chapter 2 2, the back-scattered returns of
polarised EM waves from the extended moving target are received on all 4 channels of
the Parsax radar, the following figures 3.5-3.10 describe the different processing stages
applied simultaneously on all 4 channels.

Range Doppler Processing all channels

Figure 3.5: Range Doppler processing w/o MTI on all 4 Polarimetric channels

MTI applied to all 4 channels

Figure 3.6: Range Doppler processing with MTI on all 4 Polarimetric channels, it can be seen that clutter at zero doppler
has been eliminated on all channels
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CA-CFAR applied on all channels

Figure 3.7: Target detections on 4 channels post CA-CFAR with Pfa 10e-6 and 6X6 training window

Figure 3.8: Target detections are different on each channel due to effect of polarisation
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Extended Target Cluster using ’k’ nearest neighbours

Figure 3.9: Extended Object created by clustering all detections of a target based on k nearest neighbours

Figure 3.10: Extended Object created by k nearest neighbours is different for different targets on each channel

The physical properties of each target interact differently to the type of polarisation [31],
in addition since the detections belong to extended moving targets , there is significant
variation observed for the same target across different polarimetric channels and between
different frames of measurement. This phenomenon can be observed in figures 3.11-3.15.
For each figure, the central plot consists of detections of one target from all channels,
the other plots (top left, top right, bottom left and bottom right) show the extended
object created for the same target, based on the detections of their respective channels,
* is the marker for detections from HH channel, diamond is the marker for HV channel,
square is the marker for VH channel and dot is the marker for VV channel detections
respectively.
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Different Shapes for same target in different channels

Figure 3.11: Different shapes for same target in different channels

No detections is some channels
As the amplitude of target reflections is stronger in the Co-polar channel compared to
cross polar channel, at times a target is not detected in the cross polar channels as seen
below:

Figure 3.12: Differing detections in different channels

Different number of targets across channels
As the targets are moving there is an expected change in the position of the target
considered in simulation shown in figure 3.10 and 3.11 from one scan to another, with



3.1. Radar Polarimetry 35

Figure 3.13: Differing objects in different channels

velocity remaining nearly the same, as a result of the shift in the position of the target,
the scattered field reflected from the target may be different, hence the shape of extended
cluster is different from scan to scan as seen in figures 3.14- 3.15.

Different structure of cluster from scan to scan

Figure 3.14: Shape of extended objects changed from scan to scan compared to figure 3.10

In order to extract polarimetric information from all 4 channels simultaneously , it
requires that all 4 channels must be synchronous. As it was observed in the previous
figures 3.10-??, that there is variation among channels and between scans, a possible
strategy to combine information across all channels is required, in addition as the k
nearest neighbours method proves ineffective in producing a unified image for a single
target, further study into different clustering techniques is required.
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Figure 3.15: Shape of extended objects changed from scan to scan compared to figure 3.11

3.2. Clustering Algorithms
Clustering is defined as the process of grouping individual smaller objects of similar
properties into one unified larger object/ group called a cluster. Clustering algorithms
are widely used for statistical data analysis in various areas such as, pattern recognition
, data compression, image analysis etc.. for applications involving classification and
categorisation, based on the type of data and the understanding as to what constitutes
a cluster, there are numerous algorithms which can be used for "Clustering data".[44]

In the context of this section data here is referred to as the pixel occupied by a target
detections (pixels with intensity greater than that of CA-CFAR noise threshold) and
a cluster refers to a collection of closely spaced detections for each "individual" target.
In the following subsections 3 general clustering algorithms have been investigated and
the best fairing algorithm in terms of consolidated structures and computation time are
considered.

3.2.1. K nearest neighbours

For given set N with ’n’ number points which contains a subset M with ’m’ detections,
given a start point, the "k nearest neighbours" algorithm uses a user defined distance
function to find the ’k’ nearest points belonging to the subset M, to form c groups of
clusters ’C’. The mathematical formulation of the same can be as seen in equations 3.8
and 3.9:

𝐶፦ᑚ = 𝑚፣| ‖𝑚፣ −𝑚።‖ ≤ 𝑑 (3.8)

where, ‖‖ is the user defined distance function, d is the distance threshold, 𝐶፦ᑚ is the
cluster of 𝑚። detections, 𝑚፣ is the detection under test and 𝑚። is the detection confirmed
detection, given ∀ m ∈ M with M ⊂ N .
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𝐶 =


∑
፥ኻ
𝐶፥ (3.9)

where, C is the total number of clusters

As it was observed in the previous section in figures 3.10-??, there are various problems
in the k nearest neighbours hence an alternative approach is investigated.

3.2.2. Density Based Spatial Clustering of applications with noise DBSCAN

DBSCAN is a clustering algorithm which works best on point clouds to cluster points
with a minimum spatial density, given a search radius (Eps) and a prior related to the
minimum number of points (minpts) required to define a cluster, the DBSCAN algorithm
determines if a point belongs to a cluster or not. The algorithm starts with a arbitrary
point and looks for points within a search radius (Eps), all points found with the radius
are added to a cluster provided the criteria for min number of points is met, the minimum
number points required for cluster formation is considered as the "core points" once a
cluster is formed every point within the vicinity of the search radius is assimilated into
the cluster to make it more dense, the process continues until the cluster is completely
found, when the number of points fall below the minpts condition, but shares points
with the connect cluster, it is consider as the border points which ends the completion of
a clustered region. Once a cluster is completed, the process continues forming different
clusters of different sizes until all bins are exhausted, the end results in a set of connected
objects depicting the target, unconnected objects which may residual detections which
are unconnected along with noise. In this study since a binary data set is considered
, the case is either target or noise, hence what is not labelled as a target is by default
considered as noise[45][46]. The mathematical formulation of DBSCAN algorithm given
by equation 3.10

𝑁(𝑝) = 𝑞 ∈ 𝐷|𝑑𝑖𝑠𝑡(𝑝, 𝑞) ≤ 𝐸𝑝𝑠 (3.10)

where, N(p) is a point under test, q is a point present in a created cluster, D is domain
of the data points in our case the detections, dist(p,q) is the euclidean distance, Eps is
the predefined search radius.

The algorithm can be summarised as in figure 3.16

Though the algorithm is promising and has various advantages compared to the k nearest
neighbours algorithm, the implementation of this algorithm is limited by the choice of
the Eps-minpts (search radius and minimum points) parameters combination, the large
fails to cluster data set with considerable difference in sizes as the parameters are not
chosen correctly, in addition to the clustering algorithm a parameter search algorithm is
required to find the right Eps-minpts combination. In addition as we are dealing with
fluctuating targets, the size of cluster is expected to change from scan to scan which
would require parameter search stages to be performed from every frame. As the scope
of this study does not focus too much on clustering, alternative simple but effective
approaches are investigated.
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Figure 3.16: Flowchart of the DBSCAN algorithm [46]

3.2.3. Flood fill algorithm
Generic

Flood fill algorithm is a widely used algorithm in image processing in the areas of
morphological image processing[48][47], the algorithm connects neighbouring pixels of
the same value, when applied to a grayscale image (binary image in our case) or data
which has been pixelated or binned into pixels. Based on a specified threshold for any
given image, the subsequent connect sub-images are generated. The algorithm does
not require any prior knowledge related to location or number of clusters like the kNN
algorithm and does not require any search radius or minimum connected points as in
the case of the DBSCAN algorithm. The implementation is simple and is capable of
automatically connecting nearby pixels and generating labels to every individual cluster.
As an added advantage a geometric centre for each cluster can be determined, which
is vital in the case of associating clusters between different frames (the details will be
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discussed in the following chapter 4). The algorithm follows a queue based approach
along either the rows or columns of the considered grayscale image. An interpretation
of the algorithm’s working can be visualised in figure 3.17.

Figure 3.17: Flood fill algorithm on binary image applied row wise[49]

With respect to the scope of this study, the detection map discussed in chapter 2 pro-
duced as an output of the CA-CFAR can be used as the pixelated binary image, as
discussed the detection map consists of states 1 for pixels with values above the CA-
CFAR threshold and state 0 for values below the threshold. Hence the Output of the
CA CFAR is directly feed to the Flood Fill algorithm, the scope of improvement with
respect to kNN algorithm cluster can be seen as in figure 3.18

Figure 3.18: Comparing Target in RD map in centre against cluster created by kNN algorithm in left to Flood Fill
algorithm in right, it is seen that the Flood fill algorithm out performance the kNN algorithm

The improvement factor can also be seen when applied across all 4 polarimetric channels
as seen in figure 3.19.
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Figure 3.19: General Flood Fill across all 4 channels

It is seen that there is a better improvement in the created clusters compared to the
kNN algorithm in figure 3.15.

A drawback that appears trivial is that, the formed clusters in some cases are not com-
pletely filled as solid object, instead appear as porous in nature. As we are dealing with
objects changing from scan to scan as a result of motion, this may result in two possi-
ble draw backs and critical errors when considering interaction of the objects between
frames :

• The porous objects are highly likely to vary much more compared to solid objects
from one frame to another.

• Determining a reference centre between frames is mandatory for associating ob-
jects across frames,hence determining a geometric centre stable from scan to scan
becomes erroneous.

Hence additional methods to mitigate the porous objects are investigated[50].

Proposed Flood Fill Algorithm
In order to mitigate the porous objects in addition to the standard flood fill algorithm
an additional dilation and erosion stages are performed[48]:

• Dilation:
Is a standard processing in morphological image reconstruction used to spread out
a lower layer image termed a marker using a second layer image called the mask, it
is represented by the operator ⊕ and applied as equation 3.11:

𝐴⊕ 𝐵 =⋃
∈ፁ

𝐴 (3.11)

where, A is the primary image (1st layer) and B is marker image resulting in 𝐴
image augmented by B.
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The result of a dilation process can visualised as shown in figure 3.20

Figure 3.20: Dilate operation

It is observed that for a given porous image is not filled, but also an additional
pixel in the borders are also converted to detections, if the flood fill algorithm is
applied post only dilation cluster closely spaced will be wrongly interpreted as larger
objects, hence the second step of erosion is performed.

• Erosion:
The erosion process works similar to dilation step but instead perform the inverse
operation only on the foreground area of the image , it is given by the operator ⊖,
as applied in the equation 3.12.

𝐴⊖ 𝐵 =⋂
∈ፁ

𝐴ዅ (3.12)

where, A is the primary image (1st layer) and B is marker image resulting in 𝐴ዅ
image transition by B.

The result of a erosion post dilation can visualised as shown in figure 3.21

Figure 3.21: Erosion operation

The results of the joint dilation and erosion applied in combination to the flood fill
algorithm results can be visualised in figure 3.22 and can be compared against 3.19 with
flood fill alone.

Though the secondary problems related to creation of consolidated clusters to represents
is solved, the primary object of extracting the polarimetric information from the pixels
occupied by a target across all 4 channels simultaneously is still open, hence the further
analysis for consolidating multi channel data is investigated.
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Figure 3.22: Resulting clusters using proposed variant of flood fill algorithm, it can be seen that solid object across all
channels is achieved

3.3. Data Fusion Strategies
Polarimetric information related to a target plays a vital role for analysis regarding
targets physical properties as seen in chapter 2, hence the possible extraction of data
from all channels is required, as the behaviour of a target with a polarised field depends
on the type of target, polarisation field incident and the channel in which the data is
received, the scattering and consecutively the formation of clusters depicting detections
is not uniform in all 4 channels , as observed in figure 3.22 , different shapes of clusters
were created across different channels for the same object as seen in figure 3.11 - ??.

As this study deals with multiple objects closely spaced and moving in slow-time the
bottleneck of data association within channels for a same object and between frames is
required to be solved. The details of inter frame data-association will be discussed in
the chapter 4, hence focus is concentrated on solving inter channel data association.

Though there are various studies related to polarimetric data fusion for terrain obser-
vations of efficient target detections [51][52], which itself is an elaborate area of study,
there is very little information matching the context of this study. Hence it is safe to
say, Polarimetric data fusion for moving land objects, is a possible open research topic
identified in through this study.

However with the prior knowledge of the Parsax detections capabilities [40], and from
general polarimetric radar literature [31], two possible data fusion strategies have been
identified as :

1. Logical Data Fusion :
Combining Detections across channels by using the detection maps from all 4 chan-
nels. with prior information that targets detected on Co-polar channels are more
likely to different compared to Cross-polar channels, possible combinations of de-
tection maps are analysed.
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2. Polarimetric Data Fusion :
As the study focuses on extraction of target information, the same can be analysed
in aspects, an additive combination of received signal amplitudes by combining
range doppler maps.

A flowchart depicting the possible strategies is as shown in figure 3.23

Figure 3.23: Data Fusion Strategies

The proposed fusion strategies are investigated for creation of a fusion cluster which can
be used as reference for extracting polarimetric information from all channels and also
as a reference between different frames of data, a final fusion algorithm is chosen based
on the correlation co-efficient[53] for number of cluster created by the fusion algorithm
against clusters in each channel. In addition, a bounding region and geometric centre is
defined by the fusion algorithm, this can be used as a reference to mitigate inter-channel
data association, therefore making simultaneous extraction over all channels possible.
The geometric centre acts as the reference point for a target across frames , which can
be used for tracking the object across multiple frames, the details of the same will be
discussed in the next chapter 4.

** For the case of simplicity, we shall hence forth considered only positive doppler clus-
ters.

3.3.1. Polarimetric Data Fusion
A simple summation of range doppler maps of polarimetric amplitudes for a monostatic
configuration is given by equation3.13.

𝑅𝐷፦ፚ፩ፓ =∑𝑅𝐷𝐻𝐻 + 2𝑅𝐷𝐻𝑉 + 𝑅𝐷𝑉𝑉 (3.13)

Where;



44 3. Multi Channel Polarimetric Data Extraction using Fusion Cluster based on Flood Fill Algorithm

𝑅𝐷፱፱ is range doppler map containing amplitudes from co-polar channels and 𝑅𝐷፱፲ is
range doppler map containing amplitudes from cross -polar channels.

The proposed fusion cluster algorithm is as shown in figure 3.24

Figure 3.24: Summation over range Doppler maps from all 4 channels, the difference in colour indicates modification/
transition of data over time

For the proposed fusion strategy a Fusion Cluster map is generated, consisting of clusters
representing targets detected across all channels, the clusters are compared against the
data from range doppler maps and detection map as shown in figure 3.25 - 3.27

Figure 3.25: Fusion cluster compared against all 4 channels

As the information observed is only over a single frame, the correlation co-efficient for
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Figure 3.26: Close up view of clustered regions on range doppler maps, it is observed that the bounding region defined
by the algorithm is irregular and data across cross-polar channels are missed

Figure 3.27: Close up view of clustered regions on detection maps, it is observed that there is mismatch between bounding
regions and clusters created by the algorithm

number of clusters created by the Fusion algorithm and the targets detected across all
channels is calculated as seen in figure 3.28

3.3.2. Logical Detection Map fusion
The detection map created as an output of the 2D CA-CFAR applied on the range
doppler maps on all channels is a binary image, consisting of detections and noise. Since
the radar is operating in a monostatic configuration, the data from cross polar channels
is relatively the same , meaning the resulting binary images are also close related.

Data from co-polar channels however varying strongly based on the interactions with
the target, for example a target detected in HH channel may not be detected in the VV
channel due to the nature of target and its interaction with the field, hence with this
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Figure 3.28: Scatter plot with correlation co-efficient for comparing clusters across channels and clusters created by fusion
algorithm, it is observed an average 64 percent correlation is observed

prior information, the following 4 Fusion strategies are suggested:

1. Fusion A - or(and(DMapHH,DMapVV),and(DMapHV,DMapVH))

2. Fusion B - or(or(DMapHH,DMapVV),and(DMapHV,DMapVH))

3. Fusion C - and(or(DMapHH,DMapVV),and(DMapHV,DMapVH))

4. Fusion D - and(and(DMapHH,DMapVV),and(DMapHV,DMapVH))

where;
DMapXX - stands for Detection Map in Co-polar channels
DMapXY - stands for Detection Map in Co-polar channels
and - "Logical AND" and or - "Logical OR" operations

Fusion A, B, C, D are names for each fusion combination for reference.

The general fusion algorithm is as shown in figure 3.29

In figures 3.30-3.34 the 4 logical fusion strategies are compared based on resulting logical
fusion maps and correlation coefficient o number clusters created in channels to those
created by the fusion clusters.

For additional analysis correlation coefficients for detections in all channels and fusion
algorithms is performed.

It can be seen that Fusion algorithm A - or(and(DMapHH,DMapVV),and(DMapHV,DMapVH))
has the highest/best correlation with data across all channels. Hence is chosen as the
candidate from Logical fusion strategies.

3.3.3. Finalised Result
The results across all strategies are finally compared for total number of targets in each
channels across 66 frames of radar data collected from the Parsax radar , to number of
fusion target clusters created by the proposed algorithm, as in figures 3.35 and 3.36
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Figure 3.29: Logical Fusion Algorithm, the change in colour indicates change in data

Figure 3.30: Generated Fusion Clusters across channels, it is observed that Fusion algorithm B is relatively friendly in
creation of clusters and Fusion algorithm D is the most aggressive with least number of clusters

The Logical Fusion algorithm "Fusion A" result is verified against the Range Doppler
maps for all channels and Detections maps, as in figures. 3.37-3.40

As observed, in case of Co-polar channels due to target interaction, the data may not be
available in one of the channels but the bounding region is defined in perfect sync with
all other channels, the resulting cluster formed from fusion algorithm is a perfect match
to depict a unified target across channels.
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Figure 3.31: Scatter plot for number of clusters created by Algorithm Fusion A vs clusters in all channels, average
correlation co-efficient 74.93 percent

Figure 3.32: Scatter plot for number of clusters created by Algorithm Fusion B vs clusters in all channels, average
correlation co-efficient 72.23 percent

3.4. Multi-Channel Data Extraction Algorithm (MCDA)
Based on the discussion , steps and proof discussed in the previous sections, a Data
extraction strategy to extract polarimetric data across all 4 channels simultaneously
efficiently is formulated. The steps of the finalised approach is summarised as flow chart
as shown in figure 3.41.

The advantages and highlights of this algorithm in case of this study are as given below:

1. Consolidated Geometric object created for every target.

2. Geometric centre for every cluster relating with every target detected.

3. Bounding Box around consolidated cluster, for incorporating any residual measure-
ments due migrating target.
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Figure 3.33: Scatter plot for number of clusters created by Algorithm Fusion C vs clusters in all channels, average
correlation co-efficient 64.52 percent

Figure 3.34: Scatter plot for number of clusters created by Algorithm Fusion B vs clusters in all channels, average
correlation co-efficient 54.55 percent

4. Frame wise target images captured across all channels containing complex data
from all 4 polarimetric channels.
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Figure 3.35: Histograms depicting targets clusters across channels collected over 66 frames of data, it is observed that
Co-polar channels and Cross-polar channels have a variation as expected

Figure 3.36: Histograms depicting targets clusters created by fusion algorithms it is observed that Fusion algorithm A
out performs the other proposed methods and best fits the detections across channels

3.4.1. Detection Database
Using the Multi-Channel Data Extraction Algorithm (MCDA), a database consisting of
targets detected across all 4 channels for a given frame is created. The structure of the
created database is as shown in figure3.42-3.43

The Detections data base created is free from inter channel data association problems.
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Figure 3.37: Logical Fusion A for targets in all Range Doppler maps

Figure 3.38: Logical Fusion A for targets in all Range Doppler maps close up, it is observed that the targets from each
channel are bound perfectly

3.5. Conclusion
• The fundamentals of radar polarimetry have been introduced along with the im-

portance of polarimetry features in differentiating the various types of target based
on physical properties.

• A novel Multi Channel Data fusion algorithm for effective clustering and efficient
data extraction has been proposed.

• The robustness of the algorithm against different inter channel data association
issues have been presented, the resulting frame wise database consisting of target
data and detections across multiple frames of measurements has been created.

However as this study deals with extracting information from multiple moving targets,
the need to analyse the evolution of the target statistics over multiple frames of data is
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Figure 3.39: Logical Fusion A for targets in all detection maps close up, it is observed that the targets from each channel
are bound perfectly

Figure 3.40: Bounding region for targets

mandatory, hence it is required to track the targets, by means of Multi Target Tracking
(MTT) algorithm. The details of the MTT chosen for the study will be discussed in 4.
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Figure 3.41: Multi Channel Data Extraction Algorithm
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Figure 3.42: Frame wise Targets Detections Database- Structure

Figure 3.43: Example of Frame wise Targets Data extracted, the figure shows the fusion cluster and geometric centre
crated, which is perfect sync across all channel clusters and data



4
Inter-frame Data Association mitigation

using Multi Object Tracking

All real world scenarios consist of random occurrences of events, hence when considering
the case of extracting information/data related to a target in motion in real world, there
arises a need to confirm if the object of interest detected on two individual sequential
events are the same, if the later proved false it would not be possible to confirm if the
data extracted in the current observation frame was due to a target or a false alarm,
to address this point of concern, the science of target tracking is investigated. When
considering tracking problems with a one point target, the approach is more or less direct,
but when considering multiple targets present within the same frame of observation,
the tracking algorithms have to be modified to account for possible data association
problems. In this chapter a study related tracking algorithms and Data Association
problems are discussed, a simple Nearest Neighbour (NN) Multi Object/Target Tracking
(MTT) algorithm is investigated for tracking multiple objects on a range velocity map.
The NN filter is modified to accommodate the functionality of creating a list of correlated
measurements in addition to tracking is proposed and implemented. As the scope of
the thesis concentrates more on extracting data from automobiles in non manoeuvring
scenarios, the study is limited to linear models and focuses primarily on data extraction.

4.1. Data Association Scenarios
The general meaning of data association translates to matching of data or information of
an individual object of interest over two or more frames of measurements in the presence
of other similar/different objects of interest. The matching of information can be based
on the characteristics, trajectories or labels as identities of the object. [15]

In this study three levels of data association have been identified and steps to mitigate
the same have been discussed.

4.1.1. Level 1 Inter Channel Data Association
For given instant of time ’k’, if there are ’N’ objects of interest and ’S’ sensors with 𝑁𝑋𝑆
measurements, than associating each measurement from each sensor to its individual
object of interest is considered as the first level of data association , in the case of

55
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this study the 4 Polarimetric channels capturing data from multiple moving targets, is
considered as the 4𝑋𝑁 measurements. In the previous chapter ??, details of different
scenarios of Inter-channel data association and steps mitigate the same using the novel,
"Multi Channel Fusion Cluster" have been discussed. Inter channel data association is
limited to only the considered frame/ ’kth’ instant of measurement.

4.1.2. Level 2 Inter Frame Data Association

Problems related to data association arises under the conditions when the number of
existing objects (N) in a frame say ’k’ are different from the new objects(M) in the next
frame say ’k+1’or when number of existing objects (N) and the new objects(M) are the
same but have to be assigned appropriately. Data association in this study is based
on the trajectory of the target characterised on a collection of Range Doppler/Velocity
maps to form a Range Velocity movie. ̂𝑥፤ዄኻ|፤ predictions are aimed at being associated
with 𝑧፤ዄኻ|፤ዄኻ measurements. The different data association cases are as explained below:

1. Number of existing objects (N) more than number of new detections(M)ie.. N>M,
the following are

• False Alarm in Frame ’k’

• Target Undetected in Frame ’k+1’

• Measurements for target is no longer available-exit measurement space.

A pictorial depiction of the same can be seen in figure 4.1

Figure 4.1: N>M

2. Number of existing objects (N) less than number of new detections (M). 𝑁 ≤ 𝑀
• False Alarm in Frame ’k+1’

• New Target in Frame ’k+1’

A pictorial depiction of the same can be seen in figure 4.2

3. Number of existing objects (N) is equal to number of new detections (M); (N=M)

• No anomalies in both frames, target count remains the same
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Figure 4.2: N>M

• Exit of a target in frame ’k’ and simultaneous entry of target or possible false
alarm in frame ’k+1’.

A pictorial depiction of the same can be seen in figure 4.3

Figure 4.3: N=M

Problems related to false alarms and miss detections can be evaluated to provide a figure
of metric of a considered data based on designed parameters of the CA-CFAR detector
such as probability of false alarm 𝑃ፅፚ and probability of miss detection 𝑃ፌ = 1−𝑃ፃ and
concerns regarding the fluctuating target measurements and simultaneous entry-exit of
targets in measurement space can be handled by the use of tracking algorithms, which
will be discussed in the next section.

4.1.3. Level 3: Merging and Splitting Measurements
Merging and Splitting measurements occurs as a result two closely space objects following
a similar trajectory over multiple frame of measurements, causing a cross over in tracks,
as a result the measurements of the targets tend to combine in one frame to result in
larger object and break off as two individual objects in the next frame, in these cases
it is no longer possible to individually associate a measurement to its respective target,
there are various computationally expensive methods to mitigate the same [3][15][54][55],
which in itself is an extensive study. However the objective of this study does not require
to mitigate the issue but to merely evaluated the occurrence of Level 3 situations for
providing a quality metric for the list of correlated measurements for every tracked
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object. Details regarding the same will be discussed in the next section.

4.2. Tracking Algorithm
Target tracking can be considered as a two stage process:

1. Track Filtering

2. Measurement-to-track Data Association.

Track Filtering deals with the estimation of the possible trajectory of a target ie.. posi-
tion, velocity or acceleration by considering information from a measurement space, the
uncertainty related to estimation of the dynamics concerning the movement of a target
are characterised by the covariance of the estimate.

Measurement-to-track Data Association deals with assigning measurements to an exist-
ing target track record, post a validation stage.The validation of a measurement to an
existing track is considered by calculating the difference between the predicted measure-
ment and the detected measurement for a considered motion model, when difference is
within validation bounds the predicted measurement is used updated the estimated posi-
tion and velocity. In the case of a failed validation to an existing track the measurement
is considered either as a new detection or false alarm and a new track is initiated.In the
case of tracks that no longer have a measurement may either indicate a miss detection
or end of target trajectory[5].

In most literature related to tracking problems a coordinate transformation stage is re-
quired, as the target tracking space would be handled in a Cartesian coordinate while
radar measurements would be obtained from polar or spherical coordinates, hence re-
quiring are two models for every tracking algorithm, which is the Kinematic motion
model which contains the kinematic states of a target in a dimensional Cartesian space
and a measurement model which transforms the measurements from polar or spherical
space to Cartesian space and acts as the linear observation of the kinematic states[5].

"Let 𝑋፤ be the 1D kinematic state vector at time instant 𝑡፤ and the measurement at the
same instant be denoted by 𝑍፤. When considering the estimation of a state at instant
"k" based on measurement, from another instant say "j" is given by ̂𝑋፤|፣, throughout
this thesis the following convention related to state estimation is to be followed. a single
subscript denotes an actual detection or modelled value, if the variable has a double
subscript, it represents an estimate. ̂𝑋፤|፤ is referred to as a filtered state estimate,
̂𝑋፤|፤ዅኻ is considered a one step prediction of the state vector and ̂𝑋፤|፤ዄኻ is a smoothing

of the estimate"[5].

In this study however we consider the tracking space and the measurement space to be
the same, hence the step for a co-ordinate transform is eliminated. Since the aim of the
thesis is to "extract data" meaning to say, to form a track of observed measurements
related to a target, the measurement to track association is slightly modified, rather
than considering the validated measurement to just update the track record it is also
simultaneously correlated with previous detection to form a time series data. The details
of the time series data would be considered in the next chapter ??.

As the track filtering stage for this study requires a stochastic state estimation, the
Kalman filter and its respective kinematic motion model and measurement model are
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derived in the following sections.

4.2.1. Kinematic Motion Model
Kinematic Motion model provides the dynamical equations representing the motion of
a target relative to its platform [5], since the measurement space and tracking space
are the same for the case of this study, the kinematic model is used for estimating the
next possible measurement of the target, hence the state space equation of the predicted
measurement for target with linear motion in case of Gaussian noise is given by 4.1:

𝑋፤ዄኻ = 𝐹፤𝑋፤ +𝑤፤ (4.1)

where, 𝑋፤ represents the states of the target given by 4.2

𝑋፤ = [
𝑟፤
𝑣፤ ] (4.2)

with 𝑟፤ is range estimate of target at 𝑘 and 𝑣፤ is velocity estimate of the target at 𝑘,
𝐹፤ represents the relation between states of the target to characterise its motion given
by 4.3

𝐹 = [ 1 Δ𝑇
0 1 ] (4.3)

with Δ𝑇 is the update interval which is constant.

𝑤፤ represents the processes noise is given by equation4.4

𝑤፤ = 𝜎፪፤ኼ [
ጂፓᎶ
ኾ

ጂፓᎵ
ኼ

ጂፓᎵ
ኼ Δ𝑇ኼ ] (4.4)

with 𝑤፤ related to errors in the estimated state vector of the target at time 𝑡፤ with
𝑁(0, 𝜎፪፤)
𝜎፪፤ is variance of the process noise.

In addition to proposed state space equation 4.1 a slight modification is considered in
case of velocity estimation, in order to account for possible accelerations occurring at a
few random instances , a three stage prediction is considered as given by equation 4.5

𝑣፤ዄኻ = 𝑣፤ + (𝑣፤ − 𝑣፤ዅኻ) (4.5)

4.2.2. Measurement Model
The measurement considered in this study is the Range Velocity video discussed in
chapter 2, the measurement space as mentioned earlier is the same as tracking space
hence will consists of the same states, the measurement model is given by 4.6:

𝑍፤ = 𝐻𝑋፤ + 𝑛፤ (4.6)

where 𝐻 is state observation matrix given by 4.7 and 𝑛፤ is the measurement noise at
instant 𝑘 given by

𝐻 = [ 1 0
0 1 ] (4.7)
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𝑛፤ = [
𝜎𝑟፤
𝜎𝑣፤ ] (4.8)

where, 𝜎𝑟፤ and 𝜎𝑣፤ are measurement uncertainties in range and velocity respectively.

The Measurement and Kinematic models are made use in recursive linear state estima-
tion filter - Kalman filter for predicting the states of target over multiple instances of
measurement.

4.2.3. Kalman Filter
The Kalman filter computes the MMSE and minimum variance estimate for the consid-
ered stochastic state 𝑋፤, since the random process associated with the state estimation
is additive Gaussian and state estimate relationship is linear in nature, the state esti-
mate error of the Kalman filter will also be linear Gaussian. Hence only a mean and
covariance are needed to fully characterise the state estimation error. The Kalman filter
in general is a predictor corrector algorithm which accounts for both changes in time /
updates and measurement processing[5]. Hence the two stages of the algorithm are as
shown below:

• Prediction of state and covariance given by 4.9-4.10:

̂𝑋፤|፤ዅኻ = 𝐹፤ዅኻ ̂𝑋፤ዅኻ|፤ዅኻ (4.9)

̂𝑃፤|፤ዅኻ = 𝐹፤ዅኻ𝑃፤ዅኻ|፤ዅኻ𝐹፤ዅኻ +𝑤፤ (4.10)

• Update of state estimate and covariance with measurement are given by equations
4.11-4.14

̂𝑋፤|፤ = ̂𝑋፤|፤ዅኻ + 𝐾፤[𝑍፤ − 𝐻 ̂𝑋፤|፤ዅኻ] (4.11)

̂𝑃፤|፤ = [𝐼 − 𝐾፤𝐻] ̂𝑃፤|፤ዅኻ (4.12)

𝐾፤ = ̂𝑃፤|፤ዅኻ𝐻ፓ𝑆ዅኻ፤ (4.13)

𝑆፤ = 𝐻 ̂𝑃፤|፤ዅኻ𝐻ፓ + 𝑅፤ (4.14)

where, ̂𝑋፤|፤ዅኻ is the predicated states of target in our case the next possible measure-
ment, ̂𝑃፤|፤ዅኻ is the predicted uncertainty in estimated measurement, 𝐹፤ is the system
dynamics matrix as per equation 4.3, 𝐾፤ is considered the Kalman filtering gain, 𝑆፤
is the covariance measurement residual, 𝑍፤ − 𝐻 ̂𝑋፤|፤ዅኻ is the innovation measurement
calculated based on the model 4.6, 𝐼 is the identity matrix.

The above given steps are considered for a general Kalman filter capable of tracking the
states of a single target, however as this study requires handling more than one target
of interest per frame , the since of multi target tracking (MTT) is exploited.

4.2.4. Multi Target Tracking
Multi target tracking algorithms are recursive state estimation filters capable of miti-
gating the association ambiguities , due to multiple observation from multiple targets
presents between two or more successive frames of measurements. In general MTT
algorithms are widely classified as shown in figure 4.4
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Figure 4.4: Various Multi Target Tracking algorithms

MTT algorithms are designed based its accuracy or efficiency in "tracking multiple
targets" simultaneously, the details of the studies are elaborated in [3] [15] [55] [56].
However as the focus of this thesis is not tracking as mentioned earlier, we consider the
most simplest of the MTT algorithms, which is Nearest Neighbours (NN) filter.

There are 4 stages to all MTT algorithms:

1. Prediction

2. Gating

3. Data Association

4. Update

The prediction and update stages are similar to the a single target tracking Kalman filter
as discussed in the previous section, however the effectiveness of an MTT is based on
the gating and data association stages,hence more the same are explained more detail.

Gating region

For a considered case of N tracks in frame ’k’ and M observations in frame ’k+1’, where
𝑁 ≠ 𝑀 as shown in figure 4.1-4.3, finding the right candidate measurement for a specific
task is mandatory, the gating step is used to set up a validation region around the pre-
dicted trajectory of a target, targets falling within this validation region are considered
are suitable candidates to be considered of data association. There are various studies
on how gating region can be determined [13][14], the most general methods are as given
below:

• Constant Geometric gating: Rectangular Gating , Circular Gating

• Three frame Velocity gating

• Ellipsoidal gating
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A target is validated as present within a gating region when, the distance between the
measurement and prediction is less than fixed/ predetermined gating threshold. In the
case of this study a rectangular gating region based on Elucidean distance is considered
and is given by equation 4.15

|𝑍፤ − 𝐻�̂�፤|፤ዅኻ|ፓ|𝑍፤ − 𝐻�̂�፤|፤ዅኻ| ≤ 𝐺 (4.15)

where, 𝑧፤ is the measurement at k, ̂𝑥፤|፤ዅኻ is the estimated measurement/ state based on
measurement at ’k-1’. G is the gating threshold.

Data Association
The gating region determines the possible set of candidates which are closest to the
predicted measurement. In order to choose the best measurement to solve the gating level
data association, the likelihood of associating a measurement to a target is calculated,
the likelihood score is given by equation 4.16:

𝐴፬፨፫፞ = 𝑒𝑥𝑝(−(|𝑧፤ − 𝐻�̂�፤|፤ዅኻ|ፓ|𝑧፤ − 𝐻�̂�፤|፤ዅኻ|)ኼ) (4.16)

Amongst the all the validated measurement the measurement with the highest score is
chosen as best match to be associated to the track.

Nearest Neighbours Filter
The stages of the NN filter, based on discussion are considered as in equation 4.28-4.26

• PREDICTION

– Predicted state
�̂�፤|፤ዅኻ = 𝐹፤�̂�፤ዅኻ|፤ዅኻ (4.17)

– Predicted Covariance

𝑃፤|፤ዅኻ = 𝐹፤𝑃፤ዅኻ|፤ዅኻ𝐹፤ፓ + 𝑄፤ (4.18)

– Predicted Measurement
�̂�፤|፤ዅኻ = 𝐻፤�̂�፤|፤ዅኻ (4.19)

• Gating

– Euclidean Distance Gating

[�̂�፤|፤ዅኻ − 𝑍፤]
ፓ[�̂�፤|፤ዅኻ − 𝑍፤] ≤ [

𝑅፠
𝑉፠ ] (4.20)

𝑍፤። ⊂ 𝑍፤ (4.21)

where
𝑍።፤ is a vector of validated measurements for the 𝑖፭፡ target at instant 𝑘
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– Data Association

⋄ Association Score

𝐴፬፨፫፞ = 𝑒𝑥𝑝(−(| ̂𝑍፤|፤ዅኻ − 𝑍።፤|| ̂𝑍፤|፤ዅኻ − 𝑍።፤|
ፓ)) (4.22)

⋄ Measurement residual

�̃�፤ = 𝑍።፤(𝐴፬፨፫፞(፦ፚ፱)) − 𝐻፤�̂�፤|፤ዅኻ (4.23)

𝑍።፤(𝐴፬፨፫፞(፦ፚ፱)) is the measurement with highest association scores.

– Update

– Kalman gain
𝐾፤ = 𝑃፤|፤ዅኻ𝐻ፓ፤𝐻፤𝑃፤|፤ዅኻ𝐻ፓ፤ + 𝑅፤

ዅኻ (4.24)

– Update State Estimate:

�̂�፤|፤ = �̂�፤|፤ዅኻ + 𝐾፤�̃�፤ (4.25)

– Update Estimate Covariance

𝑃፤|፤ = (𝐼 − 𝐾፤𝐻፤)𝑃፤|፤ዅኻ (4.26)

As mentioned earlier, the focus of this thesis is not tracking the true trajectory of the
targets but forming a list correlated measurements for a target moving on the range
velocity space. Hence the tracking filter is used as figure of merit to validate the unique-
ness of each measurement list for a given target. In the next section the discussed NN
filter is modified for data extraction.

4.3. Multi Target Data Association filter (MTDF)
In section 3 the Multi-Channel Data Fusion algorithm (MCDA) and the resultant De-
tection database free from Level 1 data association scenarios was introduced, using the
geometric centres for the extended target clusters for tracking the movement of the
targets on range doppler space, level 2 data association is solved using a modified NN
Kalman filter to perform a measurement to measurement correlation step for data ex-
traction, in addition to the measurement to track association step.

The measurement to measurement associator uses the same steps as the general NN
filter but differs in the update step, instead considering the calculated Kalman gain to
predict a the best estimate of the targets trajectory the validated measurement itself is
considered as the update for the next stage of recursion. Hence the update stage as per
equation 4.25 post gating for measurement correlator is given by 4.27

�̂�፤|፤ = 𝑍።፤(𝐴፬፨፫፞(፦ፚ፱)) (4.27)

where, ̂𝑥፤|፤ is the estimated state update, 𝑍።፤ are the measurements validated measure-
ments post gating, 𝐴፬፨፫፞(፦ፚ፱) is the association score for measurement with highest
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likelihood.

A block diagram of the Multi Target Data Association filter is as shown in figure 4.5

Figure 4.5: Multi Target Data Association filter block diagram

As seen in figure 4.5 the stages of the general NN filter and the proposed measurement
correlator only slightly differ from each other. The blocks in orange represent sections of
measurement to measurement correlator connected by cyan arrows, the blocks in green
represent section of the tracking filter connected by red arrows, the white boxes are
common sections used by both sections.

4.3.1. Performance Metric

The purpose of the Multi Target Data Association filter (MTDF) is to solve level 2 data
associations and extract data for an individual target by creating a list of measurements
characterising its trajectory on the range velocity map.

In order to evaluate the quality of data extracted for a given target, the following metrics
are investigated [58]:

• number of wrong assignments due to crossing trajectories.

• number of track breakages due to non validated gating regions.

• number of measurements for given targets free from any corruption.

It is to be noted that there is limited literature for evaluating performance metric for
data association, which in general are specific to each application or case scenario, hence,
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the performance metrics presented are derived and adapted for data association based
on literature for performance metric of MTT algorithms[58][59][60].

An efficient way of evaluate these metrics is by considering a cost matrix with number of
rows ’n’ equal to number of valid tracks up to the ’𝑘፭፡’ instant and number of columns
’m’ be the measurement at the ’k+1’ instant. For every row i.e. for every target track a
gating step to find the suitable candidates for association and association score for each
validated candidate as discussed in the previous sections is calculated [57], hence the
cost matrix is given by:

𝐴።፣ = [
𝑎ኻ,ኻ 𝑎ኻ,ኼ ... 𝑎ኻ,፦
𝑎ኼ,ኻ 𝑎ኼ,ኼ ... 𝑎ኼ,፦
. . ... .
𝑎፧,ኻ 𝑎፧,ኼ ... 𝑎፧,፦

] (4.28)

where, 𝐴።፣ is the association cost matrix, 𝑎።፣ is the association score for 𝑖፭፡ row and 𝑗፭፡
column

For a formulated cost matrix following are possible entries [57]:

1. If 𝑎።፣ is empty indicates no measurement due to un-gated/ non validated measure-
ment in the gated region.

2. If 𝑎።፣ consists of more than one value it indicates a merge into measurements due
to cross trajectory.

3. If increase in the number of rows indicates new tracks.

4. If the number columns at ’k+1’ is ≤ number of columns at ’k’ it indicates loss in
measurements.

5. In case of step 1 is repeated for than ’l’ instances it indicates exit of target and the
respective row can be eliminated from the cost matrix.

6. In case repeated events of step 2, indicates repeated merging and splitting tracks.

7. If the cost matrix has full rank with elements only on the principle diagonal elements,
it indicates a perfect association no miss detections and track breakages detected
as an ideal case.

Hence using the cost matrix proposed the three following metric are evaluated:

• ASSOCIATION ERROR-(AE):
Association error measures the error for associations in range and velocity of a
consider target with respect to all other associations in the current measurement
instant. Given 𝑁 number of targets with m measurement each, the list of correlated
measurements must be unique for each target,hence the association of range and
velocity measurements for a target ’i’ is evaluated by equation 4.29 for range and
4.30 for velocity.

𝑖𝐸ፑ(𝑡) = √(𝑚𝑅።(𝑡) − (𝑁𝑚𝑅(𝑡)))ኼ (4.29)

𝑖𝐸ፕ(𝑡) = √(𝑚𝑉።(𝑡) − (𝑁𝑚𝑉(𝑡)))ኼ (4.30)
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where, 𝑖 represents the index for a considered target, 𝑚𝑅። is the correlated list of
range measurements for the target ’i’,𝑚𝑉። is the correlated list of velocity measure-
ments for the target ’i’,𝑡 is the index of track value, N is total number of data
extracted and associated lists, 𝑁𝑚𝑅(𝑡) is is total number of range trajectories,
𝑁𝑚𝑉(𝑡) is total number of velocity trajectories, 𝐸ፑ is the error for range, 𝐸ፕ is the
error for velocity

As the trajectory of target is represented by range and velocity together, the num-
ber of range and velocity measurements for an object are always the same. Hence
for a considered 𝑖፭፡ target, only one list of associated measurements from the total
𝑁፦ associated measurements must have an error in range and velocity equal (/
converging) to zero.

Hence the error of measurement to measurement association for a single target is
given by equation 4.31:

𝐴𝐸። =
𝑁𝑢𝑚(𝐸፭፫)

𝑇ፅ
(4.31)

where, 𝑁𝑢𝑚(𝐸፭፫) is the number of instances with more than 1 target with track
Error close to zero, 𝑇ፅ is total frames of measurement of the target, 𝐴𝐴። is the
Association accuracy of the 𝑖፭፡ target
.

The Track accuracy for a data set is calculated using the average track error over
all tracked objects given by equation4.32

𝐴𝐸፭፨፭ፚ፥ =
1
𝑁

ፍ

∑
።ኻ

AEi (4.32)

where, 𝑁 is total number of targets.

• TRACK CROSSING - (TCross):

Track Crossing evaluates the number of crossing trajectories of target, causing merg-
ing and splitting measurements, subsequently intersecting / overlapping list of tar-
get measurements. Track crossing for a data set can be accessed by means of the
cost matrix, at any instant ’t’ if 2 or more rows in the cost matrix has the same
association score in more than one column, it indicates a case of merging or split-
ting measurements shared by a common target. The number of occurrences of the
event for a target ’i’ is given by equation 4.33-4.35



4.3. Multi Target Data Association filter (MTDF) 67

𝐴።፣(𝑡) = [
𝑎ኻ,ኻ(𝑡) 𝑎ኻ,ኼ(𝑡) ... 𝑎ኻ,፦(𝑡)
𝑎ኼ,ኻ(𝑡) 𝑎ኼ,ኼ(𝑡) ... 𝑎ኼ,፦(𝑡)
. . ... .

𝑎፧,ኻ(𝑡) 𝑎፧,ኼ(𝑡) ... 𝑎፧,፦(𝑡)
]

̂𝐴።ፌ(𝑡) =
ፌ

∑
፣ኻ
𝑎𝑖𝑗(𝑡)

̂𝐴።ፌ(𝑡) = [𝑎1𝑀(𝑡), 𝑎2𝑀(𝑡), ..., 𝑎𝑛𝑀(𝑡)]ፓ
𝑆.𝑇 ∶ 𝑎1𝑀(𝑡) = 𝑎11(𝑡) + 𝑎12(𝑡) + 𝑎13(𝑡) + ..... + 𝑎1𝑚(𝑡)

(4.33)

where,𝑡 is the instant of measurement, 𝐴።፣(𝑡) represents the cost matrix at the
measurement instant ’t’, 𝑎።፣(𝑡) are elements with values between 0 and 1 for an
𝑖፭፡ track and 𝑗፭፡ measurements with 1 indicating perfect match and 0 indicating
no match at the instant ’t’, ̂𝐴።ፌ(𝑡) represents a vector containing the sum of total
association for a target ’i’ at instant ’t’, the value of association lies below two for
ideal cases.

From Equation 4.33 we arrive at :

𝑇𝐶𝑟𝑜𝑠𝑠።(𝑡) = 𝑛𝑢𝑚(𝐴።ፌ(𝑡) > 2) (4.34)

where
𝑛𝑢𝑚(𝐴።ፌ(𝑡) > 2) gives number of instances when the column sum is greater than
2, for the ith target at an instant t

The total number of cross events for a considered data-set is given 4.35

𝑇𝐶𝑟𝑜𝑠𝑠፭፨፭ፚ፥ =
1

2 ∗ 𝑁 ∗ 𝑇ፅ

ፍ

∑
።ኻ

TCrossi (4.35)

where, 𝑇𝐶𝑟𝑜𝑠𝑠። represents the total number of crossing events for the 𝑖፭፡ target,
𝑇𝐶𝑟𝑜𝑠𝑠፭፨፭ፚ፥ is the total crossing events for ’N’ targets over 𝑇ፅ frames recorded in
the data-set.The factor 2 is considered as a minimum of 2 targets are involved in a
crossing

• ASSOCIATION LOSS (AL): Association loss measures the number of instances
without validated measurements for association. In ideal cases given a stable target
with number of detections equal to total frames of data without any false alarms,
for every prediction made by the MTDF filter a measurement to be associated will
be found. As real target situations consists of miss detections and false alarms,
the chances of a measurement not available for association occurs, in these cases
the estimate by the Kalman filter is considered to be associated in the list of mea-
surements. As this value is not a true value it is considered as a "Loss in data
association".
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The association loss (AL) can be identified for a given target using the cost matrix.
If the given row for a target is empty meaning not value between 0 to 1 is present
it indicates, no measurement was gated and the value associated in the target’s
measurement list is a Kalman estimate. The association loss (AL) is thus calculated
using equation 4.33 and 4.36, for a consider cost matrix:

𝐴𝐿።(𝑡) = 𝑛𝑢𝑚(𝐴።ፌ(𝑡) == ∅) (4.36)

where, 𝑛𝑢𝑚(𝐴።ፌ(𝑡) == ∅) gives number of instances when the 𝑖፭፡ target gating
region is empty.

The total number of Association Losses for a considered data-set is given by equa-
tion 4.37

𝐴𝐿፭፨፭ፚ፥ =
1

𝑁 ∗ 𝑇ፅ

ፍ

∑
።ኻ

ALi (4.37)

where, 𝐴𝐿። represents the total number of association losses for an ith target, 𝐴𝐿፭፨፭ፚ፥
is the total number of Association losses for a considered data set, 𝑁 is total number
of targets and 𝑇ፅ is total frames of measurements.
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4.3.2. Simulation results
In order to evaluate the proposed Multi Target Data Association filter, a simulated data
set containing 7 targets moving at different velocities and possible variations in velocities
characterised as accelerations is considered. The data set is evaluated for correctness in
associating data for each target in presence of false alarms,random Gaussian noise and
access possible level 3 data association conditions of crossing trajectories. It is to be
noted that the simulations focuses on association of measurements and NOT tracking
the trajectory of the objects.

The considered ground truth of the targets is as shown in figure 4.6

Figure 4.6: The figures represents the ground truth for 7 individual moving targets on range velocity space , each colour
represents an individual target

Starting from left to right; Targets 1, 2, 4, 5, are considered as targets with nearly
constant velocities where as Targets 3, 6 and 7 are considered as targets with variations
in velocity characterised as accelerations.

The simulated measurement environment for the targets trajectory in presence of false
alarms and random Gaussian noise can be visualised as seen in figure 4.7
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Figure 4.7: Noisy Measurements detected by the radar in presence of false alarms, as measurements have not yet been
associated to a specific target, hence it is considered as cloud of detections. Every ’x’ presents a detection in presence of
noise and false alarm.

As discussed the object of the MTDF algorithm is to associate measurement of an
individual target and produce a list of correlated measurements for each target. The
output of the measurement to measurement associator block of the proposed Multi
Target Data Association filter is as shown in figure 4.8.

Figure 4.8: Trajectory of targets formed as a list of correlated measurements based on associating the radar detections,
uniquely for each target
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It can be noticed that the colour coding followed on figure 4.6 is not the same as in figure
4.8, but the trajectory formed for an individual target consists of only a single colour,
this shows that, based on the cloud of detections in figure 4.7 formed by the radar, a
list of uniquely associated measurements has been formed, as there no prior knowledge
related to ground truth of the targets for a radar, the list of measurements formed are
assigned a colour in a sequential order, but as each list is required to associate detections
of an only one target, the measurement list formed has the same colour assigned from
the start to end.

As the Multi Target Data Association filter has a secondary functionality of estimating
the targets true trajectory based on the NN filter output, the results of the measurement
to track associator and measurement to measurement associator are compared against
the simulated noisy measurements as seen figure 4.9, 4.10a and 4.10b

Figure 4.9: Comparison of trajectory of target formed by ፍፍ filter output based on Kalman estimation and trajectory of
target based on correlated measurements
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(a) 1a (b) 1b

Figure 4.10: As shown it is clear that for every target its individual measurement is found and thus the tracks by the
MTDF filter intersects a detection by the radar at every instant, this is confirmed by the ⊗ where ⊙ represents the
trajectory and x represents the detection, where the ’+’ represents the NN filter estimates.

The performance of the MTDF is calculated using the performance metric discussed in
section 4.3.1. Parameters such as Track crossing 4.35 and Association Loss 4.37 for the
data set over the frames of measurement are as shown in figure 4.11

Figure 4.11: Figure shows the total number of crossing events and total number missed measurements for the data-set

For the given data set it is observed that the first 50 frames have 4 targets with crossing
trajectories, hence the spikes in the "Number of Track Crossing" plot , the same is seen
in iterations between 160 to 200.

In lower section of the image it is observed that the number of un-gated events leading to
Association loss is zero through the data set except in 4 individual instances indicating ,
4 targets missed a measurement at 4 different instances or 1 target missed a measurement
at 4 different instances.

In order to evaluate the accuracy of association of each target, the Performance metric
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Association Accuracy as per equation 4.31 and 4.32 is calculated. The results are as
shown in figure 4.12.

The following points have to be considered when referring to figure 4.12:

• For the association error calculated in range or velocity, only one target can have
a value close to zero, if two targets have a near to zero value it indicates a level 3
data association of merging tracks due to closely spaced measurement or targets.

• The association error of all other targets will diverge.

• Association error of range and velocity will always complement each other as for
each target a detection is characterised by a range and velocity measurement.

• In cases when there is no target with a association error equal to zero, we can
concur that either the list of measurements are invalid or there is no longer data
available from the target, as it has left the field of view.
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The following can be concluded from figure 4.12:

• Targets 2 and 4 have nearly 50 frames of crossing, hence the data associated in
these frames belongs both the targets hence is to be discarded.

• Targets 1, 3, 5, 6 and 7 each have 1 instant of miss association.

• Target 7 has no value for mmse until iteration 45, indicating the target was detected
at instant 45

• During the start of simulation all target are initialised with zero mmse.

Figure 4.12: Association Accuracy for each target
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The consolidated metric evaluating the quality of data extracted in the simulated sit-
uation is tabulated as shown below in table 4.1, Target number is followed wrt figure
4.12:

Target Index Association Accuracy Track Crossing Events Association Loss
1 97.16% 11 0
2 86.56% 50 0
3 99.17% 1 1
4 86.26% 50 1
5 96.90% 9 0
6 99.17% 1 1
7 98.54% 5 1

Mean 94.82% 4.76% 0.15%

Table 4.1: Data Association Quality metric

Based on the defined performance of metrics for the algorithm, the quality of data
extraction is evaluated. Based on values from table 4.1, it can be concluded that 94.52%
of the data has been perfectly associated , 4.56% of data is corrupted due to level 3 data
association issues such as merging and splitting measurements in case of closely moving
targets with crossing trajectories, loss of data is recorded as 0.15%.

Using the data metrics for each target, the total number of use-able frames of data per
target is calculated.

4.3.3. Target Database

The extracted and associated data sets for each target are stored as a target specific
database. As shown in figure 4.13.

Figure 4.13: Target Specific database- consisting of time series data of moving targets on range velocity space
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The target database consists of a time series data explaining the evolution of the target
measurements as a function the target motion on a range velocity map.

4.4. Conclusion
• An assessment of the different levels of data association when concerning handling

data in a multi channel multi target scenario have been discussed.

• The fundamentals of tracking filters for a single target and Multi target scenarios
have been analysed.

• In order to associate the detections between successive frames of measurement and
mitigate Inter frame data association situations a Multi Target Data Association
filter (MTDF) based on a nearest neighbours (NN) filter has been designed.

• Three performance metric to evaluate the performance of the algorithm and assess
the quality of the data association have been developed.4.3.1

• The proposed MTDF filter is evaluated on a synthesised data set contain 7 moving
targets in the presence on noise and false alarms.

• The extracted data set is evaluated based on the defined performance metric and
the results are tabulated as in table 4.1.

• A database consisting of uniquely associated measurements characterising a time
series data for every target detected on the measurement space has been created.

The Target database is used for analysis of stable features in moving targets, which can
be used to categorise the targets into sub-classes. The details of feature analysis to be
considered from the extracted time series data will be discussed in the next chapter ??



5
Feature Analysis for Extended Moving

Targets using time series data

Conventional radar target signatures used for identifying and characterising stationary
targets may not be useful in the case of moving targets, as they now are a function of
motion of the target, thus augmented by variations due to Doppler effect and changing
incident wave vectors as a result of the targets velocity or acceleration[21]. An interesting
way to understand the variation of a considered radar signature for a moving target,
would be to present it as a time series data. By detecting, tracking and associating
measurements of moving targets over a specified duration, a time series data can be
obtained, using which stable features amongst the moving targets can be identified.

Theoretically speaking, given a diverse data-set of different types of targets, the pos-
sibilities to find similarities or dissimilarities to group or differentiate the targets into
sub-classes is most likely possible using the identified stable features.

In the previous sections we discussed techniques to effectively detect, extract and asso-
ciate measurements from multiple moving targets over multiple frames of range velocity
movie (collection of range velocity maps), to form the Target Database, in this sec-
tion, the extracted measurements are firstly processed by compensating for possible
variations/effects common amongst all targets, the compensated measurements are than
presented as a time series data to investigate possible stable/ close to stable parameters,
which can represent the target or a class of targets over the measurement frames. Such
parameters are identified as "Features" for a target and in-case of similarities or dissim-
ilarities among more than one target, identified as features for a class of targets. thus
creating a feature data base, which can be used for categorising the studied targets into
sub-classes using possible "Data Clustering" methods[61].

5.1. Target Feature Analysis
When considering features related to radar objects, the type of scattering mechanism
plays a vital role in determining the same, it is important to take into account the
dependencies on the size of the scattering body say ’L’ to that of wavelength ’𝜆’ of the
incident field.

With respect to extracted data set the target consists of cars moving on a highway

77
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captured by a radar operating at wavelength of ≈ 9cm, the typical size of a target varies
from 1.5m (from small city car) to a maximum of 15m (Heavy mover) [4], hence the
size of the target is very large compared to the wavelength, ie.. 𝐿 >> 𝜆, as a result the
target is treated as a collection of independent scatters, hence the geometry of the target
becomes a major contributor to the scattering process, thus the extracted back-scattered
returns from a target is the complex phasor sum of all individual scattering centres.[5].

The general scattering mechanisms from various literature[5][22][27] [31][34][29] for high
frequency scattering (optical regime 𝐿 >> 𝜆) are summarised below:

1. Specular scattering : Considering the assumption 𝜆 → 0, with angle of reflection
equal to angle of incidence, scattering effect similar to those of true optics (mirror
reflections) , hence responsible for sharp spike like scatterings.

2. End-region Scattering: Scattering effects at corners of flat surfaces, causing side
lobes in directions away from the spikes from specular scattering .

3. Diffraction : Scattering from corners in the same direction as the incident beam
due to edge induced currents.

4. Multiple Bounce: Scattering effect observed due to the interaction of a incident
wave with multiple bodies, where the reflections from one body are incident on
another body, before being reflected back to the observer, typical effect at corners.

Given stationary conditions the above mentioned information can be used to identify
possible features in shapes/ structures in automobiles to differentiate between one an-
other. However when, considering the case of moving targets the situation is far more
unstable. In the following section, with respect to the extracted data, possible candidates
to characterise an extended moving target are investigated.

5.1.1. Radar Cross Section
When there is a relative motion between a radar and a target, the relative path length
between the radar and the various scattering centres characterising the target will change,
in addition when considering real life scenarios with taking into account the effects of
the moving parts and vibrations from surface of the target, it is observed the amplitude
of a target returns will fluctuate between different coherent processing intervals, causing
amplitude to spread around the target’s respective doppler shift, there by constituting
an extent in doppler in addition to extent in range, an comparison of amplitude of non
fluctuating target and that of a fluctuating target as described in literature is as shown in
figure 5.1[5][34]. Hence conventional methods to classify targets based RCS calculation
may not be useful.

The fluctuating target as in real radar measurements is as shown in figure 5.2

However,it is expected that the total energy of the moving target inclusive of its parts
is contained within the extent of the fluctuating target, though the energy may vary
from between each CPI, it is expected to be consistent with the PDF of the target and
its correlation properties of the target amplitude. Thus, we can expect targets of the
similar extent to have the similar distributions of energy, hence can be considered as a
feature for categorisation.
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Figure 5.1: Comparison of amplitude spectrum of fluctuating and non fluctuating target[5]

Figure 5.2: The figure shows the 3 extended targets on the range doppler map, the significantly high side-lobes, due to
other moving parts of the target are clearly visible

Consider the Polarimetric Scattering Matrix (PSM) is described in chapter 3 equation3.6
by taking into account the extent of the target in range and velocity, the total range
compensated amplitude for a single target in single frame in the co-polar and cross polar
channels is given by equation 5.1

𝑇𝑆ፗፘ =
ፑ

∑
።ኻ

ፕ

∑
፣ኻ
𝑆ፗፘ(𝑟። , 𝑣፣)

𝑅።ኾ
𝑟፫፞፟

(5.1)

where, XY represent the channels of measurement, if X=Y, the it is consider Co-polar
channel if 𝑋 ≠ 𝑌 , it is consider as cross-polar channel, 𝑇𝑆ፗፘ is the total range com-
pensated amplitude of the respective channel, 𝑆ፗፘ are amplitudes from the scattering
matrix, 𝑟። is range bin at index ’i’, 𝑣፣ is velocity bin at index ’j’ ,𝑅።/𝑟፫፞፟ is the range
compensation with respect to a reference range.

The mean of the total amplitude over the time series data 𝑇𝑆ፗፘ(𝑡) is considered as a
possible feature to represent the target.

Another important which can be considered, is the max amplitude of the fluctuating
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target across all channels, the strongest reflection from the target would be from the
main body of the target, which is represented by the main lobe of the target amplitude
spectrum as seen in figure 5.1, hence would is the least effected due to the fluctuations,
the maximum amplitude across channels is given by equation 5.2

𝑀𝑆ፗፘ = 𝑚𝑎𝑥(𝑆ፗፘ(𝑟። , 𝑣፣)) (5.2)

where, XY represent the channels of measurement, if X=Y, the it is consider Co-polar
channel if 𝑋 ≠ 𝑌, it is consider as cross-polar channel. 𝑀ፗፘ represents the maximum
value of the respective channels.

The mean of the maximum amplitude over the time series data is also consider as a
possible feature to represent the target.

The variation of the range compensated Total amplitude 𝑇𝑆ፗፘ and Max amplitude𝑀𝑆ፗፘ,
for a moving target as a time series data is as shown in figure 5.3

Figure 5.3: Time series data of Max amplitude and total amplitude of a moving target

The probability distribution of Total amplitude 𝑇𝑆ፗፘ and Max amplitude𝑀𝑆ፗፘ, detected
over multiple frames of measurement is as shown in figure 5.4 and 5.5 respectively.



5.1. Target Feature Analysis 81

Figure 5.4: Histogram representing Total amplitude detected on all 4 channels

Figure 5.5: Histogram representing Max amplitude detected on all 4 channels

5.1.2. Range Extent
The extent of the target in this study are contributed by two parameters, the physical
size of the target and an effect of doppler processing to characterise the velocity of the
target. Th extent target fusion cluster created is based on the extents in range and
velocity across all channels, as seen in figure 5.6

As seen in the figure, as the extent is range is consistent across channels, the number
of range bins occupied by the target is considered , the variation of the range over the
frames is investigated as time series data, and the average value is chosen to represent
the target.

Th extent in doppler is ignore as it does not represent the physical aspects of the targets
but rather its variation in velocity, which can be the same for targets of any size.

The distribution of the range extent, for a moving target is as shown in figure 5.7

5.1.3. Polarimetric Features
When considering features related to polarisation scattering matrix it can be observed
that the scattering amplitudes extracted from the extended moving targets are time
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Figure 5.6: Range Extent based on range extent in each channel

Figure 5.7: Distribution of range Extent over frames of measurement

varying stochastic processes due to the fluctuations from one CPI to another, much
similar to the case of scattering due to partially polarised waves [31][62], hence a target
can be described by considering, it as the second order harmonics of the fluctuations.
The polarimetric coherency or covariance matrices can be used to extract these second
order moments of the fluctuations, based on linear combinations arising, respectively,
from the Pauli or the Lexicographic matrices [31] using the scattering matrix described
in equation 3.6 in chapter 3. Ideally speaking, for a monostatic configuration the value
in the cross polar channels are similar, however since the study is carried out using real
radar measurements, there is difference in amplitudes of the cross polar channels, hence
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all 4 elements of the scattering matrix (similar to a bi-static configuration) are considered.
Since the coherency matrix and covariance matrix both give the same information we
consider the covariance matrix for further study.

Covariance Matrix

The Covariance matrix is calculated based on the "4-D Lexicographic feature vector" or
as known as "4D- Ω target vector" [31][62] given by equation 5.3

Ω = [ 𝑆ፇፇ 𝑆ፇፕ 𝑆ፕፇ 𝑆ፕፕ ]
ፓ

(5.3)

The scattering matrix S thus related to a polarimetric scattering target vector considered
is given by equation 5.4

𝑆 = [ 𝑆ፇፇ 𝑆ፇፕ
𝑆ፕፇ 𝑆ፕፕ ] = [

Ωኻ Ωኼ
Ωኽ Ωኾ ] (5.4)

The 4x4 Lexicographic covariance (𝐶ኾ) is generated from the outer product of the 4k
target vector and its conjugate given by equation 5.6

𝐶ኾ = ⟨ΩΩ∗ፓ⟩ (5.5)

where, "⟨...⟩ indicates temporal or spatial ensemble averaging, assuming homogeneity of
the random medium"[31][62].

The obtained 4x4 Covariance matrix 𝐶ኾ is given by equation 5.6

𝐶ኾ = |
⟨|𝑆ፇፇ|ኼ⟩ ⟨(𝑆ፇፇ𝑆∗ፇፕ)⟩ ⟨(𝑆ፇፇ𝑆∗ፕፇ)⟩ ⟨𝑆ፇፇ𝑆∗ፕፕ⟩

⟨(𝑆ፇፇ𝑆∗ፇፕ)⟩ ⟨|𝑆ፇፕ|ኼ⟩ ⟨𝑆ፇፕ𝑆∗ፕፇ⟩ ⟨𝑆ፇፕ𝑆∗ፕፕ⟩
⟨(𝑆ፕፇ𝑆∗ፇፇ)⟩ ⟨𝑆ፕፇ𝑆∗ፇፕ⟩ ⟨|𝑆ፕፇ|ኼ⟩ ⟨𝑆ፕፇ𝑆∗ፕፕ⟩
⟨𝑆ፕፕ𝑆∗ፇፇ⟩ ⟨𝑆ፕፕ𝑆∗ፇፕ⟩ ⟨𝑆ፕፕ𝑆∗ፕፇ⟩ ⟨|𝑆ፕፕ|ኼ⟩

| (5.6)

In this study as only amplitude of the scattering matrix are considered, the C4 matrix
is symmetric along the principle diagonal elements. Hence only the upper diagonal
elements are considered as features of the target.

The covariance matrix can be calculated based on two values :

1. Maximum amplitude

2. Total amplitude

As both values have significance of their own, a covariance matrices 𝐶ኾ(𝑇𝑜𝑡) and 𝐶ኾ(𝑀𝑎𝑥)
is calculated based on the total amplitude and maximum amplitude as described by
equations 5.1 and 5.2
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5.1.4. Correlation Co-efficient
In addition to the Covariance matrix discussed in the previous section, an additional
feature could be the correlation co-efficient of the targets detected across different chan-
nels over multiple frames of measurements. As discussed in 3, when concerning back-
scattering from polarised EM waves, targets of same category (such as composition or
shape) are most likely to have the same effect across channels, in addition when con-
sidering the effect over a time series data, the parameter would provide more insight
on behaviour of similar physical characteristics which are not dependent on motion of
the target (considered angular change in measurement area is minimal), thereby making
it possible to better categorise the targets. Though covariance and correlation matri-
ces both provide the degree of agreement between two values, when considering over a
time series data as in this study, the values of the are expected to provide significant
contributions, provided the data is wide-sense stationary (Stationary in the Mean).

The correlation coefficient is calculated using the equation5.7

𝐶𝑜𝑟𝑟(𝑋, 𝑌) =
∑ፍ።ኻ (𝑋። − �̂�)(𝑌። − �̂�)

√∑ፍ።ኻ (𝑋። − �̂�)
ኼ(𝑌። − �̂�)

ኼ
(5.7)

where, X and Y in this case can be the channels of measurement.

The correlation coefficient calculated across Co-polar channels and cross polar channels
for the Max amplitudes extracted and total amplitude extracted are as shown in figure
5.8 and 5.9 respectively.

Figure 5.8: The figure shows the correlation coefficient calculated for extracted time series data for target, the values in
cross polar channels are in good agreement as expected for a monostatic case,it is seen that for the consider target, Max-
imum amplitude from copolar channels agree weakly with each other, where as agree strongly with Maximum amplitude
from cross polar channels.
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Figure 5.9: The figure shows the correlation coefficient calculated for extracted time series data for target, the values in
cross polar channels are in good agreement as expected for a monostatic case,it is seen that for the consider target, total
amplitude from copolar channels agree weakly with each other and with those of cross polar channels.

5.2. Feature Database
Based on the features discussed in the previous sections a feature data base characterising
the moving extended target on the range velocity maps has been created. The structure
of the database is as shown in figure 5.10

The final extracted features are summarised as below:

• Range Extent

• Maximum Amplitude extracted from all 4 channels.

• Total amplitude of the extended target cluster from all 4 channels

• Upper Triangular of Target Covariance matrix

• Upper Diagonal elements of Target Correlation matrix

Figure 5.10: Feature database structure
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5.3. Data Clustering
Data clustering a useful tool for effective categorisation of an unlabelled data, cluster-
ing algorithm must be capable of identifying structures within the same by organising
the data into homogeneous groups, such that an index for the measure of similarity is
minimised and the index of dissimilarity between groups is maximised. A data set is
considered static if the data and all its features do-not change wrt time, where as a time
series data set consists of parameters with change wrt to time, in many cases unlabelled
time series data are more preferred as they determine the groups with similarities in
fluctuations , in the considered study as the reflections from a target change from one
CPI to the next, the data is considered as a time series data.

Three major components are required in case performing time series clustering [61]:

1. Choice of approach - Clustering Algorithm

2. Data distance measurement - distance metric

3. Performance evaluation criterion - accuracy , speed ,etc..

Based on the above components time series clustering can be categorised into 3 types
as shown in figure 5.11

Figure 5.11: Time series approaches, raw data based, feature based and model based

In scope of this study, the raw polarimetric data from 4 polarimetric channels of the
radar have been extracted, processed, associated and decomposed into possible features
that can characterise a moving target. Hence a feature based clustering technique is
most suitable for this study, however, prior to the feature database two other databases,
the "Detection database" created using the (MCDA) Multi-Channel Data Extraction
Algorithm, and "Target Database" created using (MTDF) Multi-Target Data Associa-
tion Filter consists of raw data collected from each frame of measurement and from each
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individual target respectively, these databases can be used for possible approaches in
raw data based clustering.

The choice of clustering algorithm most suitable for the extracted data set and analysis
of the created clusters, is a research topic by itself and is not contained within the scope
of this study and can be considered as the further scope of this research.

However, as an additional topic, to provide a proof of concept that clustering of data
is possible from the data set, the most fundamental feature based clustering approach
’k-means’ clustering is investigated using examples from literature[61][63][64][65].

5.3.1. k-means Clustering
"k-means" clustering algorithm partitions a given dataset into " k mutually exclusive
clusters" by considering each data sample as an object in space with its own coordinates.
Given a distance metric and number of clusters , the algorithm find partitions such that,
the distance with in a cluster is minimised and distance between clusters is maximised.
For each cluster a centroid is calculated based on the point where sum of distances from
all objects in that cluster is minimum. The centroid is dependent on the distance metric
chosen.

An example of a clustering study conducted over randomly generated data sample is as
shown in figures 5.12-5.13, using the following parameters:

• Distance : Squared Euclidean 𝐷𝑖𝑠𝑡(𝑥, 𝑐) = (𝑥 − 𝑐)(𝑥 − 𝑐)ᖣ

• Number of clusters

• Number of realisations - chooses the best out estimate over defined realisations.

Figure 5.12: Randomly generated data

As the number of data-sets used to create the random data-set was known, it was possible
to obtain the perfectly separated clusters. However, in case of this study, the objective
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Figure 5.13: Output of k-means algorithm showing the two clusters identified within the randomly generated data

is to find the number of clusters, hence this number of clusters will be chosen based
on different iterations. The results of clustering of the data-set are present in the next
chapter.

5.4. Conclusion
In this chapter the basic concepts related to a time series data was introduced. The
"Target database" created using algorithms from the previous sections, was investigated
to find suitable features that could be used to categorise the extracted unlabelled data
for moving extended targets into possible sub-classes.

Concepts related to range extent, extended target amplitude fluctuations, strategies to
calculate RCS, target covariance matrix and correlation effect between channels were
explained.

A Target feature database which can be used for further studies related to "Unlabelled
Clustering" [61] was created and the basics of label-less classification was explained using
a simple example.

In the next section the strategies explained from chapter 2 to chapter 5 are used on a
dataset collected from a dense target location and the result relative to each section are
presented.
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Measurements and Results

In the previous sections, 3 stages/ sub modules of the proposed Multi Target Feature
Extraction algorithm were discussed, the overall consolidated block diagram of the algo-
rithm, describing the various stages discussed is as shown in figure 6.1.

Figure 6.1: Multi-Target Feature Extraction Algorithm, the figure shows the 3 stages of the algorithm, each sub-module
of the algorithm and its respective databases are represented by a different colour

The proposed algorithm is used to extract features from moving targets on range doppler
space created based on measurements from a High Target Density location - A13 Highway
(3.4kms from radar).

89
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The measurement location is as shown in figure 6.2

Figure 6.2: Measurement setup and location

The extracted data from location is evaluated on based the performance metrics de-
scribed in chapter 3 the results for each data set is tabulated . For the sake of simplicity,
the only positive velocity targets are considered, to reduce computational load.

6.1. Location 1: A13 Highway
Targets on a highway are dense target situations, well suited for extracting rich statistics
from different types of targets over a short measurement interval. The details of the radar
parameters during the measurement session are as follows:

• Azimuth: 137

• Range 3.3Km from Radar

• Elevation: -4.9

The measurement location is as shown in figure 6.3
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Figure 6.3: Measurement Location 1-A13 Highway

6.1.1. Stage 1 - Multi Channel Data Extraction

The data collected over all 4 channels of the radar are characterised as the range velocity
movie described in chapter 2. On an average over 50 extended targets are detected per
frame of measurement for each individual receiver channel. The targets are inclusive of
approaching and receding vehicles wrt to the measurement setup. As mentioned only
targets with positive velocity are considered for reduction of computational load.

A distribution of the number of targets detected over 66 frames of data over 4 different
channels is as shown in figure 6.4

Figure 6.4: Distribution of number targets detected over 66 frames of data with positive velocity

It can be observed that as the targets are now closed space unconnected/ non clustered
detections across multiple frames, the number of targets in not uniform across channels,
this mainly because of the behaviour of the targets wrt the effect of polarisation.
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Hence the proposed Multi Channel Data extraction algorithm is required, which clusters
closed spaced detections to form larger target clusters for simultaneous data extraction
from all 4 channels over multiple frames of measurements, the distribution for number
of targets from the MCDA algorithm is as shown in figure 6.5

Figure 6.5: Distribution for created clusters using proposed MCDA over 66 frames of data

In order to evaluate the same the Flood Fill algorithm based clustering approach is
applied on each individual channel and compared against the number of clusters created
using the Fusion Algorithm as shown in figure 6.6

Figure 6.6: Comparing the number of Clusters created in each channel against the number of clusters by the proposed
algorithm

It is seen that the number of clusters in each channel and the number of cluster by the
proposed extraction are excellent agreement.

To additionally validate the same, the correlation coefficient for number of clusters in
channel for each frame of measurement is calculated against the number of clusters by
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the proposed algorithm. The results is as shown in figure 6.7

Figure 6.7: Correlation between Clusters in each channel wrt Cluster by algorithm

Thus from the first stage a detection database consisting of nearly 25 targets per frame
from 66 frames of data has been extracted, for each target following parameters are
accessible.

1. Choice of Geometric centroid or Weighted centroid for each target.

2. A bounding region around every cluster isolating from other targets.

3. Target Data from each individual channel

4. Target Mask specifying values above noise floor for every channel.

A visual depiction of the same as presented in chapter 3 is as seen in figure 6.8

Figure 6.8: Extracted data
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6.1.2. Section 2- Multi Target Data Association

As described in the previous section, a database consisting of a total 1452 unassociated
target clusters, detected over 66 frames of measurements has been extracted. A depiction
of all unassociated cluster centres detected on the range velocity space is as shown in
figure 6.9

Figure 6.9: Extended target Centres detected over 66 frames

In order to do the feature analysis of moving targets, the evolution of the target’s
statistics over the frames measurement is required. This can be obtained by finding
trajectories of each individual target over the multiple frames of measurement on which
"the target was detected".

To create the target trajectories, as tracks of correlated measurements for each target,
the proposed Multi Target Data Association filter is used .

The following points are considered as ground truth for the data set:

• The data set consists of targets following a linear trajectory but at different veloci-
ties and accelerations.

• Multiples targets may have the same velocity "OR" same range but not both for a
full track duration.

• If say two or more tracks are detected with identical trajectories, the case is consid-
ered as duplicate track of a common target. In this case the minimum mean square
error for range and velocity for the duplicates tracks will be a perfect match.
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• If the trajectories are close to identical tracks but are slightly varied ie.. mmse is
not a perfect match, it can be considered as a case of closely moving targets with
level 3 data-association as explained in chapter ?? section 1.

• As we are considering real data situations, the targets detected at the entry point of
the measurement area and exit point. Targets detected at initial frames (frame 1-6)
near to exit point and targets detected at the entry point during the last frames
(60-66) are expected to have a short track duration.

Considering the mentioned points, the tracks created for 16 different targets are as seen
figure 6.10

Figure 6.10: Tracks of correlated measurements for 16 targets

The output of the Multi Target Data Association filter produces a of 118 associated
track trajectories, the tracks are evaluated for the 3 performance metric discussed in
chapter ?? section:4.3.1. As it is not practical to show the evaluations metrics for all
118 targets, only a few cases are considered in the report, however the total performance
metric for the data set are presented as graphs and the individual track quality details
are tabulated in table 6.1

TRACK CROSSING

Measures the number of instants trajectories of target cross each other caused due to
merging and splitting measurements, or overlapping trajectories. Is calculated based on
equation 4.34 and 4.35 given by:
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𝑇𝐶𝑟𝑜𝑠𝑠፭፨፭ፚ፥ =
1

2 ∗ 𝑁 ∗ 𝑇ፅ

ፍ

∑
።ኻ

TCrossi (6.1)

where, 𝑇𝐶𝑟𝑜𝑠𝑠። represents the total number of crossing events for the ith target, 𝑇𝐶𝑟𝑜𝑠𝑠፭፨፭ፚ፥
is the total crossing events for ’N’ targets over 𝑇ፅ frames recorded in the data-set,The
factor 2 is considered as a minimum of 2 targets are involved in a crossing

The Track crossing metric evaluated for the data set is as shown in figure 6.12

Figure 6.11: Number of Cross events recorded for all targets over 66 frames

Track Association Loss
Measures the number of instance a prediction for a target did not find a suitable mea-
surement to associate, is calculated based on equation 4.36 and 4.37 given by:

𝐴𝐿፭፨፭ፚ፥ =
1

𝑁 ∗ 𝑇ፅ

ፍ

∑
።ኻ

ALi (6.2)

where,𝐴𝐿። represents the total number of association losses for an ith target,𝐴𝐿፭፨፭ፚ፥ is
the total number of Association losses for a considered data set,𝑁 is total number of
targets and 𝑇ፅ is total frames of measurements.

The track association loss metric evaluated for the data set is as shown in figure 6.13
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Figure 6.12: Number of Association losses for the dataset, it is observed that the association loss is relatively high during
the first few frames due to number of target exiting the measurement area, it is observed the value gradually stabilises

Association Error in range and velocity

Figure of merit to identify duplicate tracks, at a given instant of evaluation over all
tracks of associated measurements, only one target track must have a value equal to
zeros, calculated based on equation 6.4-4.32 an given by:

𝑖𝐸ፑ(𝑡) = √(𝑚𝑅።(𝑡) − (𝑁𝑚𝑅(𝑡)))ኼ (6.3)

𝑖𝐸ፕ(𝑡) = √(𝑚𝑉።(𝑡) − (𝑁𝑚𝑉(𝑡)))ኼ (6.4)

The performance metric has been for 4 randomly chosen tracks as seen in figure 6.13

In order to consider a time series data for the feature analysis, a minimum 10 frames of
associated measurements for each target is required, hence the targets with less than ten
frames of measurements are removed from the database, this eliminates the following:

• False Tracks- All detected are tracked to a minimum of 4 consecutive frames be-
fore confirmed as a track of target, however detections due to random events may
some sometimes lead to detections , which also are tracked for 4 successive itera-
tions, random events are inconsistent the probability such an event appears on on
4 successive frame is rare, hence false tracks consisting of only predictions but no
associations are eliminated.
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Figure 6.13: Association Error in range and velocity calculated for tracks created for 4 target, the circles highlight the
trajectory of target considered is zero, hence showing that the associated measurements belong to only 1 target, in case
of presence of crossing at range errors for targets 1 ,2 and 4 is result of a another track which had a crossing trajectory
leading to the same measurement shared by two targets, the point of intersection indicates the exact instant of the event,
in case of the velocity error, as many targets can have the same velocity on a highway situation it is seen that many
trajectories appear close to zero but only those of crossing trajectories have an intersection as seen in difference between
target 2 and 17

• Short Tracks- As mentioned earlier, targets detected at initial frames (frame 1-6)
near to exit point and targets detected at the entry point during the last frames
(60-66) are expected to have a short track duration. Though, there are successful
detections and association for the target, the minimum number of samples required
for the time series analysis is insufficient, hence need to eliminated.

Based on the above criteria from the total 118 targets tracks formed 68 targets with
reliable trajectories are extracted. The quality metric for each target is tabulated in
table 6.1.

The Targets with an associating accuracy less than 50% are discarded , thus the final
created Target Track Database consists of 62 Targets tracks. Based on the metrics cal-
culated in table 6.1, it can be concluded that from the provided Detection Database,
87.15% of detections has been perfectly associated, 2.4265% of the track data are cor-
rupted by level 3 data association issues such as merging and splitting measurements
from the radar, 2.12% loss due to unsuccessful gating due to fluctuating target centre
has been recorded.

6.1.3. Features Analysis
The output of the Multi Target Data Association filter is a target database consisting
of a time series for the raw data extracted from 4 polarimetric channels for 62 moving
targets. Based on the topics discussed in chapter ?? , the identified features are extracted
from the Target database to create a Target Feature Database. In the following sections
the extracted features from 2 randomly chosen targets are presented .
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Target Number Total Detected Frames Number of Track Crossing Events Number of Association Loss Association error (%) Number of usable frames
1 66 1 4 3.03 61
2 66 2 4 13.64 54
3 56 0 4 21.21 42
4 17 0 4 4.55 13
5 66 0 2 30.30 45
6 66 0 1 16.67 55
7 60 0 4 68.18 18
8 66 14 2 90.91 6
9 37 0 2 0.00 36
10 56 14 4 33.33 35
11 66 14 2 90.91 6
12 15 0 4 7.58 11
13 24 0 4 4.55 20
14 50 0 4 69.70 14
15 18 0 2 0.00 17
16 32 0 2 0.00 31
17 66 2 0 7.58 61
18 66 1 2 10.61 58
19 17 0 4 7.58 13
20 55 14 4 9.09 47
21 64 1 0 13.64 55
22 49 9 4 12.12 40
23 11 0 4 1.52 8
24 56 2 0 10.61 50
25 54 13 2 40.91 31
26 50 11 2 13.64 42
27 40 4 2 0.00 39
28 25 0 4 16.67 18
29 27 0 4 7.58 22
30 48 1 0 27.27 35
31 13 0 4 1.52 10
32 13 3 4 1.52 10
33 45 7 1 9.09 41
34 21 0 4 4.55 17
35 13 0 4 4.55 10
36 18 0 4 6.06 14
37 32 1 4 1.52 29
38 35 0 4 13.64 28
39 15 1 4 1.52 12
40 12 0 4 3.03 9
41 40 22 0 9.09 36
42 29 0 4 6.06 24
43 26 0 2 0.00 25
44 32 0 2 31.82 21
45 32 7 1 1.52 32
46 11 0 4 1.52 8
47 17 0 4 13.64 12
48 19 0 4 16.67 13
49 28 0 0 22.73 22
50 27 0 1 10.61 24
51 16 0 4 6.06 12
52 25 2 0 9.09 23
53 24 22 0 7.58 22
54 21 0 0 4.55 20
55 19 0 4 1.52 16
56 20 0 0 1.52 20
57 20 0 2 6.06 18
58 18 0 0 9.09 16
59 18 0 1 1.52 18
60 18 0 3 4.55 15
61 18 0 0 1.52 18
62 15 0 4 1.52 12
63 15 0 0 4.55 14
64 14 0 0 4.55 13
65 14 0 1 4.55 13
66 13 0 0 6.06 12
67 12 0 0 4.55 11
68 11 0 0 10.61 10

Table 6.1: Quality Metric For Tracks of associated measurements, provides information about number of tracks from a
target that are usable, the final value has been rounded off to the nearest whole number
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Range Extent
Range extent is described as the number of range bins spanned by the consolidated
extended target fusion cluster representing a target on all 4 channels. A depiction of the
same is as shown in figure 6.14

Figure 6.14: Target Extent in range

The distribution representing the variation of range extent for the targets wrt its trajec-
tory on the range velocity map is as shown in figure 6.16

(a) 1a (b) 1b

Figure 6.15: Range Extent for 2 different moving Targets
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Maximum Amplitude
The strongest reflection from an extended target is usually obtained from the main
body of the target, hence contains properties of the strongest reflector from a target.
The maximum amplitude of an extended target is as shown in figure 6.16

Figure 6.16: Maximum amplitude from peaks of the main lobe of two different extended targets

The distribution representing the variation of maximum amplitude on 4 polarimetric
channels for the targets wrt its trajectory on the range velocity map is as shown in
figure 6.17- 6.18

Figure 6.17: Histogram for the Value of maximum Amplitude for a moving target wrt 4 polarimetric channels-example 1

Total Amplitude
Reflection from a extended moving target fluctuate from one CPI to another, its total
amplitude is inclusive of its moving parts and vibrations from surface of the target, thus
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Figure 6.18: Histogram for the Value of Maximum Amplitude for a moving target wrt 4 polarimetric channels-example 2

the total energy of the moving target inclusive of its parts is contained within the extent
and considered to be consistent with the PDF of the target and its correlation properties
of the target amplitude.

The total energy from an extended moving target is as shown in figure 6.19

Figure 6.19: Total amplitude for two different extended moving targets

The distribution representing the variation of total amplitude for the targets wrt its
trajectory on the range velocity map is as shown in figure 6.20- 6.21

Correlation Co-efficient

Targets of similar nature would provide similar interactions with signals received in the
Copolar and Cross polar channels of the radar, the Correlation Co-efficient calculated be-
tween co-polar channels (HH and VV), cross-polar channels (HV-VH) and also between
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Figure 6.20: Histograms for the Value of Total Amplitude for a moving target wrt 4 polarimetric channels-example 1

Figure 6.21: Histograms for the Value of Total Amplitude for a moving target wrt 4 polarimetric channels-example 2

Copolar and Cross polar (HH-HV . VV-HV) calculated for interactions of possible 3
target of different nature are as shown in figure 6.22- 6.24.

Covariance Matrix
Covariance matrix similar to correlation coefficient measures the degree of agreement
of the effects considered with respect to considered channels by also considering the
magnitude from each channel,

As discussed in chapter ?? when dealing with a time series data, the effects are expected
to be different from those of the correlation effects. The Covariance effect between co-
polar channels (HH and VV), cross-polar channels (HV-VH) and also between Copolar
and Cross polar (HH-HV . VV-HV) calculated for interactions of possible 3 target of
different nature are as shown in figure 6.25- 6.27.
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Figure 6.22: Target with good correlation effects on all channels

Figure 6.23: Target with good correlation in Copolar channels(HH vs VV) and Cross Polar Channels(HV vs VH) , but
bad correlation with Copolar to Cross polar interactions (HH vs VH) (VV vs VH)

6.1.4. Clustering Validation
As discussed in chapter ?? section 5.3.1 the k-means clustering algorithm is tested on
the extracted feature database on the following values;

1. Correlation Coefficient

• CorrCoeff(VVHH) vs CorrCoeff(HVHH)

• CorrCoeff(VHHV) vs CorrCoeff(VVHV)

2. Covariance Matrix

• Cov(VVHH) vs Cov(HVHH)
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Figure 6.24: Target with Bad correlation on all channels

Figure 6.25: Target with differing covariance across all channel combinations

• Cov(VHHV) vs Cov(HVHH)

The following parameters are configured:

• Distance : Square Euclidean

• Number of Cluster : 3 (calculated based of best centroid separation)

• Number of realisations : 100

The obtained results are as shown in figure 6.28 for correlation coefficient based clusters
and figure 6.29 for covariance based clusters.

From the presented results it is clear that the formulated research direction can be used
as a means for target categorisation, which can be considered as an open research topic
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Figure 6.26: Target with matching values for VV vs HV (Copolar to cross polar for VV only) and HV vs VH (Croos
polar)

Figure 6.27: Target with similar values for VV vs HV , HH vs HV, and HV vs VH, (copolar to cross polar and (cross
polar to cross polar), but differing for copolar to coplar.(HH vs VV)

and future scope of this study.

6.2. Conclusion
Using the raw .bin files collected from the radar, the Robust Multi Target Feature
extraction algorithm is used to extract statistics of the moving targets.

The extracted - associated data is evaluated for performance metrics to validate the
robustness of the algorithm.

The created time series data is analysed for features and identified features are extracted
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Figure 6.28: It can be seen that 3 well separated clusters are obtained for the two combinations - in the figure to the left
we can see that information of correlation effects of targets detected in VVHH against HVHH , it is observed that the
dataset contains targets with weak, medium and strong correlation in both Copolar channels and Copolar -Cross Polar
combinations. Where as in figure to the right, we can see the database consists of targets with strong correlation effects
VHHV channel but significant variation in HVHH channels

Figure 6.29: It can be seen that 3 separated clusters have been obtained , wrt to figure 6.28 describing only the relation
of effects, it is seen that covariance is different, an interesting aspect to note is the clusters numbering in both channels
occupy different positions, for the same targets

and formulated as a feature database.

The possibility of clustering the time series data using the extracted features has been
successfully presented.





7
Conclusion and Future Work

In this thesis we have investigated, analysed and implemented concepts from radar
doppler processing, radar polarimetry, sensor fusion and multi target tracking for the
successful extraction of features from moving extended targets, through the mitigation of
the data association bottle necks when dealing with multiple targets over multiple frames
of measurement obtained from channels of different polarimetry (diverse behaviour).

The thesis provides a proof of concept, for the use of radar polarimetry in studies related
to target categorisation and opens up possibilities for radar target classification based
on polarimetric data.

The thesis has been divided into 3 sub-parts explaining the different stages of the pro-
posed approach and dependencies on each stage . Mathematical formulation of the
algorithm and supporting validation, based on synthesised and real radar data cases
have been presented for each sub-part.

In the following sections the final outputs of the study have been summarised as con-
clusions. The limitations concerning the scope of study has been explained and possible
open research topics encountered during the study have been presented as a part of the
future scope.

7.1. Conclusions
As a result of this study, 3 standalone algorithms which can be used independently or in
combinations have been formulated. The output of each stage of the algorithm provides
a database which can be used for future studies. The following are the outcomes of this
research:

• A measurement and tracking space termed the "Range Velocity Cube", free from
stationary targets and clutter spread at zero doppler, is created for the extraction
of polarimetric data from moving extended targets.

• A Novel Multi-Channel Data Fusion algorithm (MCDA), based on the flood fill
algorithm is proposed, for effective clustering of detections from extended targets
and efficient extraction of polarimetric data simultaneously from all 4 channels of
the radar. The algorithm mitigates Level 1 data association issue related to multi

109
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channel data. The MCDA provides a detection database consisting of raw data
segments of the targets detected over multiple frames.

• A Robust Multi Target Data Association filter (MTDF), based on a nearest neigh-
bours algorithm is proposed, for effective and precise association of raw data seg-
ments of a target that was extracted over multiple frames of measurement from 4
polarimetric channels.

The MTDF mitigates Level 2 and level 3 data association problems related to
varying number of targets detected over multiple frames of data. The Robustness
of the algorithm is evaluated based on the performance metric which emphasises on
track continuity, association accuracy and evaluation of track crossing events. The
output of the MTDF stage is a Target track database which consists of a time series
data, of associated measurements of raw polarimetric data for maximum number
of targets detected during the measurement.

• A feature analysis is conducted on the extracted time series of raw data for ev-
ery target recorded, in the target track database. The result of the analysis is a
time series feature database consisting of 25 features for every target, present for a
minimum of 10 frames of measurements.

• The proposed algorithm is evaluated on real radar data collected from a high den-
sity target space - the A13 highway, by an in house Doppler Polarimetric Radar -
PARSAX.

Three databases consisting of real polarimetric data for 62 targets collected over 66
frames is successfully extracted.

• The features extracted are used in an off the shelf ’k means’, clustering algorithm,
and as a result 6 sub-classes based on covariance and correlation properties of the
targets wrt to the channel of measurements has been identified.

7.2. Limitations
The measurement and tracking space considered in this study is range velocity map
formed by a pixels limited to the range and doppler resolutions of the radar data, as a
result when estimating a target position during the tracking stage high association error
is recorded in terms of velocity bins, though targets following a constant velocity model
or nearly constant acceleration model fair well, the algorithm fairs poorly when a high
accelerating target is detected.

In addition as any measurement above the CA-CFAR threshold, is considered a possible
target candidate detected on the range velocity map , random events occurring due to
real data conditions creates multiple false target tracks, at certain issues the a series of
random events may create a false track.

The algorithm fairly poorly against ambiguities, the measurement space is divided into
two sub-spaces individually for positive and negative velocities, as the tracker filter is
designed works on each sub-space independent of the other, presence of opposite direction
tracks causes faulty associations , loss of tracks and decrease in quality of dataset.



7.3. Open topics and Future Scope 111

Figure 7.1: Doppler spectrum of a complex target

7.3. Open topics and Future Scope

The following topics have been identified as possible research directions, thesis topics
and future scope of this study:

7.3.1. Polarimetric data fusion

The polarimetric data fusion strategies discussed in chapter 3, are limited to using only
the detection map stage of the CA-CFAR across channels, future study towards adaptive
detectors [66][? ] and possible polarimetric fusion studies [51] can be investigated for
the improvement of this study.

7.3.2. Use of Micro Doppler Features

"The Doppler spectrum of a complex target may also include discrete features due to
moving parts on a target. Peaks in its Doppler spectrum corresponding not only to
the radial velocity of the target as a whole but also to the velocity of the moving parts
viewed from the radar."[5] In this study there interesting examples of such micro-doppler
patters for cars as seen figure 7.1

"Doppler components from the rotational speed of the wheels of the vehicle can be useful
for target classification or identification, hence can be considered for future scopes."[5]
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Figure 7.2: Round About on N470 highway, targets moving will provide returns at different angles, due to the turns
around the round about

7.3.3. Data Extraction for different angular values
The carried out measurements in this study consist of data extracted from targets at
fixed angle, hence the results obtained are specific to the considered azimuth value, in
order to acquire the data of targets different angles it is required that either have a radar
which can be rotated around a target or a target rotated at different angles.

It is possible to exploit the case of extracting data from different angles by considering
the measurement location shown in figure 7.2

By modifying the tracking stage of the algorithm proposed in the study to, accommodate
non linear trajectories around the round about, we can extract data from the moving
target at different angles when a vehicle drives around the round about.
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