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Abstract  

This research explores the use of radar sensors for real-time remote monitoring of oil and gas 

pipeline infrastructure, enabling the detection of oil leaks, spills and unusual activities while 

ensuring prompt escalation to authorities for early response. This helped to evade a flooding 

or spillage occurrence and thereby curtailed the wastage attributed to issues of pipeline 

spillage/leaks. The research also focused on the theoretical development and simulation of 

rough surface models with a view to understanding and analysing the reflectivity of various 

rough surfaces and how this reflectivity varies, when the dielectric properties of these rough 

surfaces are modified. The modification amongst other parameters can be due to oil spills and 

leaks. In particular, the radar cross section (RCS) of various soil samples (with oil and without 

oil) was analysed. The varied reflectivity results from these soil samples enabled us to 

understand and appreciate the difference between a soil that is soaked with oil and another 

that is not. The oil in the soil sample soaked with oil could be due to spills and leaks from oil 

pipelines, so an understanding of these differences in reflectivities was utilised in improving 

the detection and identification of oil spills/leaks in pipeline infrastructure which is the major 

question this research addresses. The radar parameters modified in this project for the RCS 

analysis of varied soil samples include frequency, aspect angle, polarisation as well as the 

dielectric properties of the material with the obtained results extensively analysed and 

discussed. After showing and analysing the simulation results of the rough surface model, an 

experimental investigation of this RCS analysis was also conducted as means of validation of 

the theoretical / analytical results. For the theoretical and analytical phase, rough surface 

models which can be likened to various soil surfaces on which these pipeline networks are 

laid upon were developed in MATLAB and imported into CST for the simulation of the radar 

cross section (RCS) / reflectivity analyses under various dielectric properties and parameters. 

The validity of the rough surface models was tested through simulations with varied soil 

samples and dielectric properties. In the simulations, the impact of oil as well as other 

dielectrics on the reflectivity or RCS analysis of various soil samples was presented for the 
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first time. Furthermore, an in-depth analysis was conducted on the measurement parameters, 

their relationships with dielectric constants, and their impact on the reflectivity of various soil 

samples. This has given us an idea of what the reflectivity of oil, emanating from the pipelines 

because of oil spills / leaks, could be when, for example, the pipeline infrastructure is laid on 

a dry or wet soil, such that my radar sensor is able to discriminate between these oil spills/leaks 

from other obscurants like water etc which might have seeped into or floats on the soil under 

investigation. In addition, the results of the rough surface models have been compared with 

literature. The validity of the developed theoretical rough surface models was tested and 

applied to experimental, proof-of-concept data in a controlled environment using radar 

instruments and the experimental results, which were thoroughly analysed and extensively 

presented for the first time, agreed with the analytical or theoretical results. The results of the 

theoretical or analytical RCS of the rough surface models were compared with the 

experimental results and the results have been presented. The results show that there is 10 

dB difference in RCS from a 14 cm rough surface without oil and a similar surface that has 

been soaked with at least 7.5 L of oil. This implies that a litre of oil results in at least 1 dB 

change in RCS from a rough surface of 14 cm rms height. In addition, there is about a 4 dB 

difference for that of 7 cm surface roughness for a 9L oil that leaks onto the rough surface. 

This also implies that 2 L of oil results in a dB change in reflectivity from a rough surface of 7 

cm rms height. This 4 dB difference is significant because it is about half the difference 

obtained for the 14cm rough surface profile and the 14 cm rough surface profile is double the 

7 cm rough surface profile. The results obtained via experiment were also verified via 

simulations and both results tally and align with each other as have been extensively 

discussed and analysed. Distributed and back scattering as well as back reflections from the 

sandy soil was also investigated during the experiments and the results have been thoroughly 

analysed. Finally, the rough surface model was integrated with the radar system and the 

parameters measured from this system were thoroughly examined and extensively analysed. 

In addition, the performance of the developed theoretical and experimental models and 

systems was compared to specific requirements by the oil and gas industry, successfully 
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meeting expectations in line with global best practices. The methods used, theoretical and 

experimental results obtained as well as the key findings and research output have been 

analysed, validated and presented as appropriate.  

In summary, this research successfully developed and validated a radar-based remote 

monitoring system for oil and gas pipeline infrastructure, enabling real-time detection of leaks, 

spills, and anomalous activities. A key achievement was the theoretical development and 

experimental validation of rough surface models to analyse radar cross-section (RCS) 

variations in soil samples with and without oil contamination. The study demonstrated, for the 

first time, the impact of dielectric properties on soil reflectivity, showing a measurable 

correlation between oil volume and RCS variation – such as a 10 dB difference for a 14 cm 

rough surface soaked with 7.5 L of oil. These findings enhance the ability to discriminate oil 

spills from other environmental factors, improving detection accuracy. The results, validated 

through simulations and experiments, align with industry standards, positioning this work as a 

novel contribution towards enhancing oil spill detection and response in pipeline monitoring 

systems.   
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Chapter 1. INTRODUCTION AND OVERVIEW 

Pipelines are commonly utilised globally for the conveyance of hydrocarbon fluids over several 

kilometres. The usage of pipelines is regarded as one of the foremost ways in transporting 

products of petroleum which include gases, chemicals, fossil fuels as well as other necessary 

hydrocarbon fluids which serve as valuable resources to a nation’s economy [1], [2]. Oil and 

gas pipeline networks have been shown to be the safest and most economical means if 

conveying crude oil as they fulfil a great demand for reliability and efficiency [3], [4]. For 

instance, the accidents per ton-mile which led to deaths as a result of transporting products of 

petroleum were generally higher when using rail (3%), ship (4%) and trucks (87%) compared 

to when pipelines were used [5]. The pipelines structures have been generally built to resist 

numerous environmental loading conditions in order to guarantee reliable and safe delivery of 

petroleum products from the production point to the distribution depot or the shore.  

Conversely, as carrying precarious substances using very extended pipelines have become 

common across the world in recent years, the probability of dangerous mishaps as a result of 

pipeline disasters rises [6]. The roots of these failures are either deliberate damages – for 

example vandalism, or unintended damages – for example device/material failure and 

corrosion [7], [8]. These damages lead to pipeline disasters and therefore result in irretrievable 

reparations which comprise economic losses & extreme ecological contamination, especially 

when the leakage is discovered in an untimely manner [9], [10]. Leakages in pipeline 

infrastructure are among the main sources of numerous losses in the operation of pipelines. 

Issues of oil spillage have developed into grave sources of pollution both in the rural and urban 

areas, with resulting damage to the ecosystem & massive impact on livelihoods. Instances of 

pipeline failure can result in severe environmental catastrophes and human & financial losses.  

1.1. Background  

In the oil and gas sector, principally in Nigeria, there have remained countless occurrences of 

the wreckage of oil and gas pipelines ensuing in colossal discharge and depletion of crude oil 
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with significant destruction to the environment as well as the means of livelihood for the rural 

settlers whose foremost occupation is agriculture (fishing and farming) [7]. These ugly 

activities also result in huge economic breakdown to the country, amidst loss of human lives, 

severe environmental pollution, and destruction of aquatic life. Pipelines are subject to 

numerous threats including third party damage, corrosion, mechanical failure of pumps and 

valves, land movement, and illegal tapping. These threats may lead to uncontrolled releases 

of products and the impact on human life as well as the environment can be significant.  

Nigeria is one of the biggest producers of oil in the world and the first in Africa. Crude oil mining 

is regarded as the main source of income in Nigeria while agriculture and manufacturing 

industries as well as other income generation sectors are supportive. Crude oil is largely used 

by automobile companies across the world and the same can be said of other facets of the 

world economy [11]. The world consumes about 88 million barrels of petrol daily, while the US 

alone consumes about 44% of this on fuel for cars. Oil theft in Nigeria which is extremely on 

the rise as well as pipeline vandalism pose serious threats to the country’s national economy 

as the highest source of income [7]. Varied approaches using technology as countermeasures 

to pipeline vandalism have recorded little or no success. In addition, deployment of security 

agents such as the police, para-military and other non-governmental agencies has yielded 

very poor results due to the difficult terrain of the location of the oil and gas pipeline networks 

coupled with other criminal strategies adopted by the vandals of these pipelines.  

Nigeria has lost roughly $14bn in the past twelve years as a consequence of crude oil spillage 

due to rupture of pipelines. In this period, a total of about 16,000 leakages of pipelines were 

logged. About 500 of these occurrences were due to rupture while vandalism contributed to 

the rest [12]. Nigeria loses nearly 850,200 barrels of crude oil every day due to vandalism by 

criminals and rupture of pipelines. This accounts for over 95% of these incidences, resulting 

in over $56bn in losses of the product and pipeline repairs in the past twelve years [12]. 

Moreover, the destruction meted on the environment, the outcome on the socio-economic 

wellbeing of the community as well as the price for environmental clean-up is immeasurable. 
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The resultant boomerang outcome on the nation’s economy has led the country into crisis 

because of these wastages, which have also deteriorated with the nefarious actions of the 

criminals. Numerous efforts have been made to overcome this challenge, but a more enduring 

resolution is yet to be arrived at. Extensive interference has made the protection of the 

concerned areas against pipeline vandalism by the armed forces ineffective. Drones have also 

been suggested for monitoring pipeline networks, but they are quite costly and are not the 

ideal answer as they could be brought down by these same criminals and vandals [12].  

Globally, the incidents of pipeline leakages have also led to huge economic losses [13]. For 

the past thirty years, pipeline accidents in the USA smashed properties that amounted to 

almost $7bn, killed over 500 people, besides thousands who were also injured [14]. For 

instance, on the 6th of Sept, 2010, a pipeline explosion incident in San Bruno community in 

California, killed over 7 persons besides over 50 persons who were also injured [14]. On July 

26, 2010, a similar event occurred in Michigan, USA where over 800,500 gallons of crude oil 

leaked into River Kalamazoo with assessed charge of $800m [14] due to pipeline failure.  

There are various reasons for pipeline damage. A column chart that shows the data (in 

percentages) of the foremost causes of pipeline disasters is shown in Figure 1.1. They 

comprise human negligence, pipeline corrosion, installation and erection process defects, 

defects arising from the manufacturing process as well as external causes [15]. External 

factors contributing to pipeline disasters include natural disasters (like earthquakes, 

landslides, floods, hurricanes), soil erosion and land subsidence, extreme weather conditions, 

accidental third-party damage, vandalism & sabotage, animal & plant interference, as well as 

marine hazards (for offshore pipelines). These external factors combined with other technical 

failures make continuous monitoring essential for pipeline integrity and safety.  
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Figure 1.1: A column chart of the statistics of the causes of pipeline failures (adapted from 

[15]) 

From this data, it can be seen that the reasons for leakages in pipelines are difficult to avoid 

in its entirety as the causes of failures vary. Nonetheless, in order to lessen the effects of oil 

spills, it is essential to monitor pipeline networks for the real-time leakage detection or even 

prediction of leaks, since timely leak detection enables fast reactions to halt further oil 

discharge and proper maintenance of pipelines [15]. As a result, the rate of loss, injuries and 

other grave environmental and societal concerns due to pipeline failures are reduced. It thus 

becomes pertinent to cultivate suitable methods and techniques to alleviate these challenges.  

Furthermore, considerable efforts in research have been developed and dedicated towards 

implementing leak detection and localisation technologies for pipeline networks as well as 

pipeline monitoring using different techniques. This is done to circumvent hazards and 

maintain a reliable and safe pipeline infrastructure. These efforts will be elucidated upon in the 

literature review segment. However, not much work has been done in the use of radio 

frequency sensors particularly radar sensors for remote monitoring of oil and gas pipeline 

networks, hence, the nitty-gritty of this project. Radar sensors have some distinctive merits 

over other sensors. They include operating at day or night, being operational in all weather 

conditions, etc.  
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This project therefore aims to discuss, analyse, and propose a more effective way of resolving 

these challenges. An efficient approach for solving these challenges will be by setting up some 

instrument to remotely monitor these oil and gas pipeline networks in real time and at each 

point in time as well as escalate strange movement to the appropriate authorities for prompt 

action and early response in order to evade a flooding or spillage occurrence and thereby 

curtail the wastage attributed to issues of pipeline spillage.  

1.2. Literature Review  

This section discusses and analyses a plethora of pipeline leakage detection technologies as 

well as a thorough review on remote monitoring of pipeline infrastructure [2].  

Several pipeline monitoring schemes utilising varied working principles and techniques have 

been discussed and implemented in previous years. Current pipeline leakage detection 

techniques include: acoustic emission [16]–[19], optical fibre sensors [20]–[22], ground 

penetration radar [23], [24], negative pressure wave [25]–[27], analysis of pressure point [28]–

[30], dynamic modelling [31], [32], infrared thermography, vapour sampling, digital signal 

processing as well as mass-volume balance [33]–[37]. These technologies have been 

categorised utilising different contexts. Some authors have categorised them into two (2) 

broad groups of hardware and software-based methods [38], [39]. Further research efforts 

[40]–[45] have also led to the organisation of obtainable leak detection schemes into three (3) 

main categories. They are internal, external and non-technical technologies [3], [5]. Internal 

leak detection technologies use pipeline instrumentation to monitor internal parameters such 

as flow rate, pressure, temperature and mass balance to detect leaks. The external leak 

detection technologies monitor the area surrounding the pipeline to detect leaks, rather than 

analysing internal pipeline parameters. Non-technical leak detection methods involve manual 

inspections and administrative measures to detect pipeline leaks. While internal and external 

methods have advantages, they also suffer from false alarms, environmental interference and 

difficulties in detecting small leaks. The radar-based system developed in this research 

overcomes these limitations by using RCS analysis to differentiate oil leaks from water or 
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environmental noise, provide real-time remote monitoring without requiring extensive sensor 

networks, operating effectively in all weather and terrain conditions as well as reducing false 

positives by focusing on dielectric property variations in leaked substances. This novel 

approach ensures higher accuracy and reliability in pipeline leak detection while addressing 

the key weaknesses of existing methods. The remote monitoring of pipelines has also been 

accomplished by deploying sensing techniques to selected points by intelligent pigging, 

drones / autonomous underwater vehicles (AUVs) or utilising sensor systems as detailed in 

[3].  

In [46], pipeline installations were monitored by deploying a low cost energy efficient liquid 

level monitoring system which used radio frequency identification (RFID) technique. The 

installations were monitored at each point in time using passive ultra-high frequency (UHF) 

RFID tag sensors operating between 865 – 868 MHz. The pipeline installations were 

monitored and any unusual liquid activity, detected by the RFID reader, is immediately 

reported to the related authorities for swift action in order to curb depletion attributed to issues 

of pipeline spillage. The passive UHF RFID tag sensors were also deployed to offer timely 

caution signals in the indication and control of engineering installations as well as in 

monitoring. The distinctive information on the chip of the tag sensor is conveyed through a 

wireless interface to a database for referencing. One of the advantages of this RFID based 

monitoring is that it reduces the need for manual inspection. Other merits include the fact that 

this monitoring technique provides continuous tracking at predefined checkpoints and capable 

of covering large pipeline networks. The demerits of this technique include high initial cost for 

deployment and maintenance as well as the fact that RFID sensors only monitor fixed points 

and may miss intermediate leaks. While mobile monitoring solutions provide flexibility, they 

lack real-time continuous tracking over the entire pipeline. The proposed radar-based solution 

which this thesis addresses ensures continuous and autonomous remote monitoring, thereby 

overcoming the intermittent nature of existing technologies.     



7 
 

The usage of acoustic emission techniques for pipeline leak detection have been described in 

a plethora of studies [47]–[49]. In [50], a reference standard for setting up and assessing 

acoustic emissions sensors installed for the detection of leaks in pipelines was designed and 

constructed. The reference standard comprised a short span of 2-inch diameter tubing with 

facilities for hosting numerous types of controlled leaks. The developed reference standard 

was very valuable not just for monitoring the infrastructure at a given threshold, but for also 

characterising source mechanisms as part of a combined method to numerical acoustic 

emission leak detection and location technology. By introducing numerous kinds of organised 

leakages, the effects of air injection and pressure were measured for thread leaks on the order 

of 0.1 gal/hr, a ratio that is significant in the framework of ecological protection guidelines.  

In [51], leakages in a pipeline which was subjected to failure of a socket joint using acoustic 

emission technique and pattern recognition was suggested and experimentally investigated. 

The acoustic characteristics of leak signals in the socket and spigot pipe segments were also 

investigated. After feature extraction and selection, a classifier based on artificial neural 

network was established and good estimation accuracy of at least 96.9% was achieved. The 

study revealed that the major frequency of environmental noise was not up to 2 kHz whereas 

the major frequency of the acoustic signals as a result of the socket joint failure was focused 

on the range of 0 – 10 kHz. This indicates that over long distances, high sensitivity can be 

exhibited by acoustic emission-based methods. Nevertheless, there may be a requirement to 

increase the leak noise as an extra strategy for sensitive leak detection.  

An experiment to detect gas leaks on a gas pipeline of length 3.13 km utilising measured 

acoustic waves was conducted by Jia et. al. in [22]. The sensors were situated at various 

positions along the gas pipeline. Acoustic waves produced as a result of the transmitted 

leakage from the point of rupture to every side of the pipeline at the velocity rate of the gas 

was observed throughout the experiment. However, the high frequency counterpart of the 

acoustic signal decayed considerably quicker than the low-frequency components. It was thus 

resolved that it was appropriate to detect leaks in gas pipelines utilising signals of low 
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frequency. Localisation of leak points, assessment of the size of leaks, as well as early 

detection of leaks can be achieved by applying acoustic emission technique for leak detection 

in pipeline infrastructure [42]. However, the real sound of a leak can be masked by the effect 

of background noise. Numerous signal analyses schemes to overcome this problem have 

been proposed. They include interrogation techniques [16], wavelet transform techniques and 

the blend of acoustic sensors with other kinds of sensors [17], [48], [52]. These techniques 

have improved leak detection accuracy and helped mitigate noise interference. However, 

environmental noise, high computational requirements, and cost remain significant 

challenges. The radar-based system proposed in this research overcomes these issues by 

detecting leaks through dielectric property variations, making it more resilient to noise and 

environmental factors.  

In summary, the acoustic emission techniques described earlier generally rely on the detection 

of sound waves generated by leaks in pipelines, and these methods have been extensively 

studied and implemented in real-world pipeline monitoring. The merits of this technique include 

high sensitivity to leak signals, also non-intrusive and does not require pipeline shutdown. 

However, the background noise interference can mask actual leak signals, especially at high 

flow velocities. It also requires additional signal processing techniques to improve accuracy 

and high frequency acoustic waves decay faster, limiting their detection range. While acoustic 

methods provide real-time leak detection, they suffer from significant interference due to 

background noise, limiting their effectiveness. This research therefore advances leak 

detection by using radar sensors that are unaffected by acoustic noise, thereby improving 

detection accuracy and reliability.    

In [53], the usage of a cross-correlation technique for detecting numerous leak locations in 

buried pipelines was examined. Two vibration signals emanating from two detectors located 

at the ends of the buried pipe were measured and this technique was now used to detect 

various leaks simultaneously. The delay of the signals related to the leaks were also properly 

estimated using this technique. The results reveal the effectiveness of the technique in 
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detecting several leak locations as the position of each detected leak was digitally calculated. 

The limitation of this technique is that it requires precise synchronisation of sensors and is 

sensitive to external vibrations and environmental noise. These factors can introduce errors 

in signal delay estimation, affecting the accuracy of leak localisation. In addition, the method 

may struggle with distinguishing weak leak signals from background noise in complex pipeline 

networks.     

Furthermore, Oh et. al. [48] suggested an acoustic data condensation technique to improve 

pipeline leak detection. The results obtained revealed that the proposed technique effectively 

enabled abridged data sets in characterising the signature of the acoustic data. Normally, the 

benefits of utilising acoustic emission for pipeline monitoring include easy use of interrogation 

and ease of installation since it does not necessitate a halt of the system, in terms of shutdown, 

for purposes of calibration or installation. However, critical leakage might not be reliably 

detected as the leakage sound at a high flow velocity could be concealed by background 

noise.  

Numerous studies have also been suggested for achieving localisation and detection of 

pipeline leaks by use of accelerometers [54], [55]. In [54], a model for an instantaneous 

monitoring system with the capacity to identify the presence of distinct incident leaks in 

pressurised pipelines was proposed. To achieve this, wireless accelerometers were located 

inside the pipeline network on the external of the valves linking the pipelines. Experiments 

were implemented on one-inch cast iron pipelines, one-inch and two-inch PVC pipelines using 

distinct event leaks in order to test the viability of the proposal. The vibration signal derived 

from each accelerometer was evaluated and analysed to classify the monitoring index at each 

sensor. The results from the developed model showed an accuracy of 98.25% in differentiating 

between leak and non-leak states. Furthermore, in [56], [57], the usage of hydrophones and 

accelerometers for monitoring pipeline networks was proposed. Leaks were artificially induced 

on a plastic pipe of a buried experimental facility. The obtained results also showed a false 

positive rate of 2 - 5% which defined the reliability of the system.   
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Several pipeline monitoring schemes based on optical fibre techniques have been suggested 

in literature [6], [58]–[60]. The efficiency in utilising distributed optical fibre sensors for 

detection of leaks in pipeline networks have been reported in [61]. The position of the leak 

was obtained utilising the time order of the anti-Stoke light received at the measuring station. 

Amongst the advantages of pipeline monitoring using optical fibre techniques is the ability to 

detect small leaks as well as monitor pipeline networks for intrusion [62] thereby safeguarding 

the pipelines from vandals/intruders. In [62], an optical fibre distributed acoustic sensing (DAS) 

system used for monitoring pipelines against third party interference and a fibre optic leak 

detection sensor was demonstrated and applied to provide monitoring along the entire length 

of a pipeline using the same fibre optic cable. The results showed that leaks within 1 – 5m 

along the pipeline were accurately located within 10 seconds of detection time, while the fibre 

optic DAS accurately detected threats within 1 -10 m of the pipeline. Moreover, perceived 

threats, say of a few metres up to 250m away from the pipeline network could also be detected.  

Furthermore, another merit of the optical fibre-based techniques is the potential of monitoring 

pipeline networks as well as the capacity to correctly function in both surface and subsea 

pipeline networks [5]. In addition to these benefits, the fibre optic sensors are non-intrusive, 

hence, do not necessitate total closure and shut down of plant operations all through the period 

of installation. However, its demerits comprise short lifecycle as well as the incapability to 

estimate the leakage rate. In addition, the deployment of optical fibre system over an 

enormous and intricate network of pipeline infrastructure is challenging as optical fibres are 

brittle.  

A related study centred on a macro-bend coated single mode fibre (SMF-28) optic sensor for 

pipeline leakage detection was proposed and developed in [63]. The fibre optic sensor 

comprised of a bending structure and the macro-bending loss was utilised as the sensing 

mechanism for the detection of pipeline leakage at low frequency. Through this system, the 

fibre optic sensor was characterised by measuring the power loss corresponding to the 

vibration at various bending radius as well as the number of wrapping turns. The results 
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obtained showed that the fibre optic sensor scheme was capable of detecting leakages 

between the range of 20 Hz – 2500 Hz when implemented in a field test.  

In [21], a Loop integrated Mach-Zehnder Interferometer (LMZI) fibre optic vibrational sensor 

was suggested to be implemented for monitoring pipelines as well as leakage localisation and 

detection. The vibration sensing was based on method of power demodulation utilising the 

torsion sensitive LMZI sensor. The system was verified in a 40m steel pipeline field. The 

outcome showed that at a pressure of 2 bar, the LMZI sensor detected a significant leak-

induced at ~100 Hz, while at a pressure of 3 bar, a further ~288 Hz peak was detected during 

the leak. Both leaks detected at those frequencies had percentage errors below 3%.  

In [6], a distributed fibre Bragg grating (DFBG) hoop strain sensor in cooperation with a support 

vector regression (SVR) for detection and localisation of leakages as well as the continuous 

monitoring of pipeline networks was designed and reported [6]. Several hoop strain signals 

were removed from the DFBG hoop strain sensors placed alongside the pipeline to reveal the 

leakage route. The study demonstrated the usage of various, distributed FBG hoop strain 

sensors in combination with a support vector machine algorithm to localise a leak point along 

a typical pipeline. A sequence of variations of strain on the terminal hoop were removed as 

the input variables to realise multi regression analysis as to localise the leak point. The factors 

of various kernel functions were optimised via 5-fold cross confirmation to achieve the peak 

accuracy in localisation of leakages. The results reveal the viability and robustness of the SVR 

method utilising measurements of multi-hoop strain signal for localisation of leaks in pipelines.  

In summary, the optical fibre sensing techniques described earlier detect leaks and monitor 

pipeline integrity by detecting changes in light transmission caused by vibrations or 

environmental disturbances. Despite their high sensitivity, optical fibre sensors have 

deployment challenges and are prone to physical damage. The proposed radar-based system 

offers a more robust and scalable alternative, with higher durability and adaptability for various 

terrains.   
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In [64], a novel hybrid method for localisation and detection of leaks in straight pipelines was 

recommended. The performance of the proposed hybrid system was assessed using an 

experimental bench for straight pipelines. Also, equivalent experimental test programs for the 

localisation and detection of gas leaks were designed and conducted. The leak occurrence 

was preliminarily evaluated by the variance between the measured data and the value 

projected from the model as well as the fluctuating patterns of parameters in the leak condition. 

The leak point was located using the stimulus-response method. Results showed that the 

hybrid technique was successful in detecting and locating gas pipeline leaks.  

In [65], an innovative sensor system was established for leak detection in supply pipes. The 

proposed system used a Continuous Wave (CW) Doppler sensing element which operated at 

2.45 GHz and comprised a low power transmitter, a homodyne receiver as well as a digital 

signal processing unit. The results show that the leaks out of the pipe were detected via the 

Doppler frequency shifts of the reflected electromagnetic wave. Even though GPR technology 

has proved to be an operative non-destructive instrument for detection of buried objects [66], 

signals of GPR can easily be masked by other noises from the environment [23]. Several 

signal processing schemes have been reported in literature [67], [68] as a way of overcoming 

this shortcoming and enhancing the profile features of GPR signals. These enhancements 

include noise reduction & signal filtering, improved leak localisation, feature extraction & 

enhancement as well as higher signal-to-noise ratio (SNR).  

Furthermore, the potential to detect oil spills resulting from a pipeline leak or rupture in and 

underneath snow utilising airborne GPR was assessed in [69]. It was found that the oil placed 

underneath the snow tend to decrease the impedance disparity through ice and resulted in 

inconsistent radar echoes with small amplitude. The results show that a thick oil film of 2 cm 

stuck between snow and ocean ice could be detected with a 50% drop in force of reflection by 

utilising 1 GHz GPR technique. The approach also showed improved performance despite the 

existence of weak SNR. The improved performance of airborne GPR in detecting oil spills 

under snow, despite weak SNR was achieved using lower frequency (1 GHz) GPR, 
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impedance disparity analysis, as well as advanced signal processing techniques. For 

underground pipelines, synthetic aperture radar (SAR) could also be combined with GPR 

technology for pipeline monitoring and leak detection systems as they are reliable and better 

suited. SAR combined with GPR enhances pipeline monitoring and leak detection due to their 

complementary strengths as SAR provides wide-area coverage while GPR offers high 

resolution sub-surface imaging. However, GPRs suffer from high environmental noise 

interference and low penetration in wet conditions, whereas SARs require advanced signal 

processing for accurate leak identification as well as limited penetration depth in certain soil 

types. The radar-based system developed in this research significantly improves leak 

detection by using RCS analysis to differentiate oil spills from other substances, overcoming 

GPR’s shortcomings.  

The operational aspects of the most popular offline detection technologies (like GPRs, IR 

cameras and acoustic detectors) were compared to a novel offline detector proposed in [70]. 

The novel offline detector aimed to improve leak detection in underground pipelines by 

integrating acoustic sensors with a digital communication system. This hybrid approach 

significantly improves leak localisation accuracy and ensures continuous data collection even 

in complex underground pipeline networks. The authors also studied the potential of using the 

recent Terahertz imaging technology for the same application. The study concluded that 

Terahertz imaging technology has strong potential for detecting pipeline leaks due to its ability 

to penetrate non-metallic materials and provide high-resolution imaging of leak-induced 

anomalies. However, its practical application remains limited by certain challenges. While THz 

imaging shows promise, its limitations currently restrict widespread adoption in pipeline leak 

detection, particularly for underground and metallic pipelines. Further advancements in 

penetration depth and cost reduction would be required for broader implementation. Acoustic 

detectors were found the most suitable technology for the atmosphere in UAE, where the 

levels of humidity and consequently, soil moisture are high, because both of GPRs and IR 

cameras operational capability to detect leaks tend to decrease sharply as soil moisture 
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increases. Conversely, a conventional acoustic detector has very limited scope of detection. 

The authors therefore proposed a method of expanding the sensing component of acoustic 

detectors by connecting acoustic sensors through a digital communications system using the 

3G/4G networks to a monitoring centre with an acoustic spectrum analyser. The system was 

able to provide offline detection of leakages in underground pipelines remotely without 

deforming the surrounding environment or adjusting the acoustic detector’s analysing system. 

Simulation results showed the ability of the system to reconstruct the input noise signal at the 

end of the proposed network which is connected to the acoustic analyser [70]. The major 

limitation of the described technique is that conventional acoustic detectors have a very limited 

detection range. While the proposed system enhances sensing capabilities by using digital 

communication and remote acoustic spectrum analysis, it still relies on acoustic sensors, 

which may struggle with background noise, signal attenuation, and interference in real-world 

conditions. Additionally, factors like pipeline material, depth, and external environmental noise 

could affect the accuracy and reliability of leak detection.   

Finally, a novel solution for leak detection based on soil moisture sensors based on the 

technologies of Internet of Things was proposed in [71]. Varieties of different leak scenarios 

were performed during the experimental trials and leaks in different places were examined. 

The results showed that the proposed solution provided great advantages in terms of leak 

detection and localisation.  

Having considered these pipeline monitoring as well as leak detection techniques, this thesis 

aims to advance the frontiers of research in this area by deploying RADAR sensors for the 

detection, identification and localisation of oil leaks in pipelines without suffering from the 

effects of background and other noises which may mask the actual signal. Radar sensors are 

deployed for the real-time monitoring of pipeline networks against third party interference, 

thereby safeguarding the pipelines from vandals/intruders; and help in the detection and 

identification of oil leaks/spills in pipelines with a view to increasing pipeline productivity and 

integrity as well as offering protection of the environment.  
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Furthermore, existing pipeline monitoring technologies, while effective, have critical 

limitations, including environmental interference, deployment challenges, and difficulties in 

detecting small leaks. This research bridges these gaps by developing a radar-based remote 

monitoring system that:  

✓ Provides real-time continuous pipeline surveillance  

✓ Is immune to environmental noise (unlike acoustic and optical fibre methods)  

✓ Accurately detects oil leaks using RCS variations, thereby offering early-stage 

identification.  

✓ Can operate in both surface and underground pipeline networks  

✓ Eliminates the need for predefined sensor placements, ensuring comprehensive 

coverage.  

The integration of radar sensing with dielectric property analysis has demonstrated 

unprecedented accuracy in leak detection, setting a new benchmark in pipeline monitoring 

and leak detection technologies.  
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Figure 1.2: An Overview of Existing Pipeline Monitoring Techniques [2] Figure 1.2: An Overview of Existing Pipeline Monitoring Techniques 
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Table 1.1 presents a structured comparison of the existing pipeline monitoring techniques, 

highlighting the advantages and limitations of these techniques as well as helping to 

understand their suitability, effectiveness and limitations in pipeline monitoring.   

Table 1.1: Comparison of the various existing pipeline monitoring technologies  

 

Pipeline Monitoring 

Technique 

Advantages Limitations 

Exterior Techniques     

Acoustic Sensing Can detect leaks by 
analysing sound patterns 

Works well for pressurised 
pipelines 

Limited effectiveness in 
noisy environments 

Performance decreases in 
low-pressure pipelines 

Accelerometer Detects pipeline vibrations 
and structural changes 

Can identify sudden impacts 
or stress 

May not differentiate 
between external 

disturbances and internal 
issues 

Requires regular calibration 

Fibre optic Sensing Provides continuous, real-
time monitoring 

Can detect temperature and 
strain variations over long 

distances 

High installation and 
maintenance costs 

Requires specialised 
interpretation 

Vapour Sampling Detects leaks by sensing 
escaped gases or chemicals 

Effective for detecting 
volatile substance leaks 

Limited to detecting specific 
gases 

May not work well in high-
wind environments 

Infrared Thermography Detects leaks based on 
temperature differences 
Non-invasive and works 

from a distance 

Less effective in varying 
environmental conditions 

Cannot detect underground 
leaks effectively 

Ground Penetration Can detect underground 
leaks and anomalies 

Works in different soil types 

Expensive and time-
consuming 

Limited depth penetration 

Fluorescence Highly sensitive to detecting 
specific chemical 

compounds 
Effective in dark or 

underwater environments 

Limited to certain types of 
leaks 

Requires specific 
fluorescence-inducing 

agents 

Electromechanical 
Impedance 

Effective for detecting 
structural integrity issues 
Can be applied to various 

materials 

Needs direct sensor contact 
with the pipeline 

Requires complex signal 
analysis 

Capacitive Sensing Can detect changes in 
material properties near the 

pipeline 
Works in real-time 

Sensitive to environmental 
changes 

May not be effective for all 
pipeline materials 

Other Methods Can be customised based 
on specific needs 

May require integration with 
other techniques 
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Table 1.1 continued  

Visual / Biological 

Techniques 

  

AUV / Drone Provides aerial or 
underwater monitoring 
Can access remote or 

hazardous areas 

Limited battery life and 
range 

Requires skilled operators 

Trained Dogs / Human Can detect leaks based on 
scent or direct observation 
Useful in hard-to-access 

areas 

Not practical for continuous 
monitoring 

Subject to human error or 
fatigue 

Visual-Based Bolted Joints 
Monitoring 

Allows direct assessment of 
potential weak points 

Can identify corrosion or 
mechanical failures 

Requires frequent manual 
inspection 

Limited to accessible areas 

Interior / Computational-
Based Techniques 

  

Mass / Volume Measures fluid loss to detect 
leaks 

Works well for closed 
systems 

Less effective for small 
leaks 

Requires highly accurate 
sensors 

Negative Pressure Detects pressure drops 
associated with leaks 
Effective for detecting 

sudden ruptures 

Limited sensitivity to slow 
leaks 

False alarms may occur due 
to pressure fluctuations 

Pressure Point Analysis Identifies leak locations 
based on pressure 

variations 
Can detect internal 

anomalies 

Requires multiple sensors 
Complex data interpretation 

Digital signal processing Uses advanced algorithms 
for leak detection 

Can process large amounts 
of data quickly 

Requires sophisticated 
hardware and software 

May generate false positives 

Dynamic modelling Predicts potential failures 
before they occur 

Enhances proactive 
maintenance 

Relies on accurate input 
data 

Requires continuous 
updating 

State Estimators Provides real-time 
monitoring and analysis 

Helps in predictive 
maintenance 

Computationally intensive 
Requires integration with 

other systems 

 

 

1.3. Problem Statement / Research Statement  

Pipeline monitoring techniques for the detection and localisation of oil leaks have gained a lot 

of interest in literature as seen in the previous section. Recent studies have paid particular 

attention to what we call ‘non-radar’ techniques to circumvent hazards and maintain a reliable 
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and safe pipeline infrastructure. However, not much work has been done in the use of radio 

frequency (RF) sensors particularly radar sensors for the remote monitoring of oil and gas 

pipeline networks. By using RF sensors, particularly radar sensors, for remote monitoring of 

oil and gas pipelines, several advantages can be achieved that other techniques cannot 

provide effectively which serves as a strong motivation for this work. They include:  

✓ Penetration through different materials – unlike acoustic or infrared-based 

methods, RF sensors can penetrate soil, concrete and pipeline coatings, making them 

effective for detecting leaks without direct contact or invasive procedures.  

✓ Long – range, remote monitoring – RF sensors especially radar-based systems, 

allow for wide-area coverage and real-time remote monitoring of pipelines over long 

distances, reducing the need for frequent manual inspections.  

✓ Resilience to environmental conditions – unlike acoustic detectors which suffer in 

noisy or wet environments, and infrared cameras, which struggle with humidity, RF 

sensors perform consistently under various weather conditions, including fog, rain and 

high humidity.  

✓ Enhanced leak localisation and classification – advanced signal processing 

techniques can enable precise leak localisation and even classification of leak types 

based on RF signal reflections, improving maintenance efficiency and reducing false 

alarms.   

✓ Detection through buried and subsea pipelines – RF technology can be used for 

monitoring underground and underwater pipelines, where other methods like GPR or 

IR cameras become ineffective due to signal attenuation or scattering.   

✓ Integration with wireless networks and Internet of Things (IoT) – RF sensors can 

be easily integrated with IoT-based pipeline monitoring systems, allowing for 

automated alerts, predictive maintenance and real-time data analytics.   

This work therefore explores how RF sensors can provide a non-invasive, weather resistant 

and scalable solution for remote leak detection. By developing and optimising RF-based 
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methods, we can contribute to safer, more reliable, and cost-effective pipeline infrastructure 

management. Radar sensors have some distinctive merits over other sensors which have just 

been extensively discussed. In addition, we are not using SAR technique due to the increased 

complexity, as well as because SAR technique requires more advanced signal processing 

amongst other reasons.   

Furthermore, most pipeline monitoring techniques are not well grounded either in real-time or 

remote monitoring of pipeline infrastructure. This project therefore aims to discuss, analyse 

and propose a more effective way of resolving these challenges. One of the efficient ways to 

solve these challenges is what this project will be considering and that is by setting up some 

instrument to remotely monitor these oil and gas pipeline installations in real time and at each 

point in time. Furthermore, this approach will help in soliciting for prompt action as well as 

early response in order to evade a flooding or spillage occurrence. By so doing, we can now 

curtail the wastage attributed to the issues of pipeline spillage.  

This concept of using radar sensors for the real time remote monitoring of pipeline 

infrastructure for the detection of oil leaks is a new concept which would be explored in greater 

depth in this thesis. To the best of the author’s knowledge, there is little, or no work done in 

this regard in the literature, but some inspiration will definitely be taken from previous or current 

methods in order to contribute to solving these anomalies.    

1.4. Objectives and Novel Contributions  

The aim of this research is to investigate the methods and potential in using radar sensors as 

enabling technologies to remotely monitor oil and gas pipeline networks in real time. As oil 

pipeline networks span hundreds of thousands of kilometres, it is imperative to have a system 

with reduced complexity and which also rely on minimal signal processing to be able to be 

used efficiently and at scale.  

Specifically, the research will seek to assess the feasibility and performance of using radar 

sensors to detect temporal changes in an area at large scale. These temporal changes could 
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be as a result of change in the roughness parameters, or the dielectric properties of the area 

due to oil leaks from pipeline infrastructure etc.   

Since we are trying to build an efficient system with reduced complexity, the simplest 

measurable parameter in that regard is surface reflectivity. In particular, the RCS of various 

soil samples (with oil and without oil) will be analysed. The varied reflectivity results from that 

soil sample will enable us to understand a soil that is soaked with oil and another that is not. 

The oil in the soil sample soaked with oil could be due to spills and leaks from oil pipelines, so 

an understanding of these differences in reflectivities will be utilised in improving the detection 

and identification of oil spills/leaks in pipeline infrastructure which is the major question this 

project addresses. There will be a marked difference in the reflectivity between the soil sample 

soaked with oil and the other soil sample not soaked with oil because of the gradient when it 

moves from ‘dry’ soil to the soil soaked with oil. The common denominator in this instance will 

be the roughness which should be ‘constant’ all through and the difference will just be the oil 

reflectivity. The radar parameters that will be modified or varied in the RCS analysis of the soil 

samples include the frequency, aspect angle, polarisation as well as the dielectric properties 

of the different soil types. Since various soils have different dielectric constants, these 

variations will influence their reflectivity and consequently the ability to distinguish between oil-

soaked and dry soil.   

The actual objectives and novel contributions of this project are thus highlighted below:  

i. To investigate surface reflectivity from surfaces with or without oil contamination, as a 

function of surface roughness, aspect angle, frequency etc.  

ii. To create an experimental setup that allows us to understand how oil affects the 

reflectivity of rough soil surfaces and at different levels based on some distinct 

parameters or features like surface roughness, aspect angle as well as the varied 

frequencies of our system.  
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iii. To conduct an experimental campaign in a proof-of-concept environment to validate 

findings obtained through electromagnetic wave simulations of soil surfaces 

considering different parameters and assess practical performance limits.  

iv. To understand in specific terms what the RCS of different dielectric materials with 

varied roughness parameters are when they are contaminated with varying quantities 

of oil as well as their implications in the remote monitoring of pipeline infrastructure for 

the detection of oil leaks.  

v. To investigate and understand the differences between electrically smooth and 

electrically rough surfaces and their implications in radar measurements     

Finally, signal processing algorithms to verify analytical modelling in MATLAB will be applied 

to experimental, proof-of-concept data in a controlled environment using radar instruments. 

The measured performance of these models (both analytical and experimental) will be 

compared to specific requirements by the oil and gas industry.  

The process objectives revolve around detecting oil-induced changes in soil/ground 

characteristics using RCS measurements. Below is a breakdown of how each step in the 

process contributes to achieving these objectives:  

1. Detecting changes in soil reflectivity due to oil contamination  

Objective: is to differentiate between soil that is soaked with oil and soil that is not by 

measuring how radar waves interact with these surfaces.  

Process: use radar sensors to measure the RCS of soil samples. RCS is measure of 

how much radar signal is reflected back from a surface. Oil contamination changes the 

dielectric properties and surface roughness of soil, which affects its reflectivity.  

Goal: identify specific changes in RCS values that indicate the presence of oil, 

providing a reliable method for detecting oil leaks.  

2. Large scale temporal change detection  
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Objective: to monitor large areas for changes over time that may indicate oil leaks, 

using temporal analysis of surface reflectivity.  

Process: collect radar data at regular intervals from the same area; analyse 

differences in reflectivity over time; then focus on large-scale changes in surface 

roughness and dielectric properties caused by oil contamination.  

Goal: detect potential oil leaks early by identifying significant temporal changes in the 

radar data.  

3. Small-scale experimental validation in controlled environments  

Objective: to simulate real-world conditions in a controlled lab environment and 

validate my findings through experiments.   

Process: create a setup with soil samples that are both clean and contaminated with 

different quantities of oil and measure the RCS for each sample under various 

conditions like frequency, aspect angle and polarisation.  

Goal: understand how these parameters impact the ability to detect oil in soil and 

determine the optimal conditions for real-time monitoring.  

4. Surface roughness analysis (Electrically Smooth vs. Electrically Rough Surfaces)  

Objective: study how radar signals behave on different types of surfaces (smooth vs 

rough) and determine their implications for oil spill detection.  

Process: classify surfaces into electrically smooth (small irregularities compared to the 

radar wavelength) and electrically rough (larger irregularities); then measure how 

these differences influence RCS values, especially when oil is present.  

Goal: develop a robust understanding of how surface roughness affects radar 

detection, ensuring accurate measurements in diverse environments.  

5. Signal Processing and Analytical Modelling  

Objective: combine experimental data with mathematical models to improve accuracy 

and reliability of oil spill detection.  
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Process: use MATLAB to simulate radar wave interaction with soil and compare it with 

experimental results; then apply signal processing algorithms to reduce noise and 

improve detection sensitivity.  

Goal: validate the analytical models with real-world data and refine them to meet the 

performance requirements of the oil and gas industry.  

Figure 1.3 shows a graphical representation of the process objectives for detecting oil-induced 

changes in soil using radar sensors. The flow illustrates each step, from large-scale temporal 

change detection to small-scale experimental validation, surface roughness analysis, and 

finally signal processing and analytical modelling. These stages culminate in optimal detection 

and industry validation.  

 

Figure 1.3: Graphical Representation of Process Objectives for Oil Detection using 

radar sensors 

So, a summary of the process objectives earlier elucidated on are now highlighted below:  

➢ Measure RCS of soil to detect oil-induced changes in dielectric properties and surface 

roughness  



25 
 

➢ Monitor temporal changes to detect oil spills at large scale in real time  

➢ Optimise radar parameters (frequency, aspect angle, polarisation) for better 

performance.   

➢ Validate findings in a controlled environment and integrate them with analytical 

models for practical deployment.  

In summary, the novel contributions of this research are highlighted and re-emphasised below:  

➢ Development of a simplified, low-complexity radar-based monitoring system  

➢ Investigation of surface reflectivity and RCS for oil-contaminated surfaces  

➢ Experimental validation through proof-of-concept setup  

➢ Analysis of electromagnetic response of varying dielectric properties and roughness 

parameters  

➢ Identification of electromagnetic differences between electrically smooth and rough 

surfaces  

➢ Integration of analytical modelling and signal processing algorithms in MATLAB  

➢ Industry-relevant solutions for oil spill detection  

1.5. Thesis Outline / Organisation  

This thesis consists of eight chapters and a section for appendices and bibliography. The 

outline of the thesis can be presented as follows:  

In Chapter 2, the fundamentals of RADAR is presented and discussed, including a brief 

history of RADAR as well as types of RADAR. The chapter will provide a thorough analysis of 

key concepts such as the radar equation, radar waveforms and pulsed continuous wave radar, 

ensuring a detailed and in-depth exploration of these topics. Radar sensors will also be 

discussed in greater detail and some simulations performed to buttress the fundamentals and 

applications of radars. The results from the computational modelling will also be discussed in 

addition to the implications and relevance of the results.  
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In Chapter 3, a rough surface model is developed and presented including a thorough analysis 

of the properties of dielectric materials as well as the propagation of electromagnetic waves 

in dielectric materials. The mechanism of reflection and transmission from surfaces is also 

discussed extensively and the propagation over a reflecting surface is thoroughly analysed. In 

addition, the Rayleigh roughness criterion is x-rayed and its implication in the reflection from 

a rough earth as well as the reflection coefficient for a flat smooth earth. We shall also look at 

how our rough surface model reflects electromagnetic wave and its implication in terms of 

determining the difference between a surface with oil and another surface without oil. It will 

conclude with a thorough analysis of the scattering problems and electromagnetic fields as 

well as the generation of randomly rough isotropic surfaces.   

In Chapter 4, the results of the electromagnetic wave simulation of a rough surface model 

using CST are discussed and thoroughly analysed. The RCS of common objects like flat plate 

and sphere is extensively discussed and thoroughly analysed. Furthermore, the RCS of a 

lossless material such as a perfect electric conductor (PEC) is x-rayed, and the properties of 

this rough surface model is discussed. For lossy materials such as sandy soil, the RCS is also 

analysed as well as the results thoroughly explained. The implications of the varied dielectric 

materials as well as their relationship with surface reflectivity is also discussed and analysed 

in deeper detail. The interpretation and implications of these results are also x-rayed and 

discussed. Finally, the reflectivity of the developed rough surface model which is periodically 

‘filled’ with oil as a result of the reduced surface roughness is also thoroughly analysed and 

discussed. We will also consider the experimental verification of theoretical results.   

In Chapter 5, the experimental plan / set up is discussed in greater depth. The methodology 

for carrying out experimental measurements is discussed in more detail. In this chapter, we 

also talk about the calibration of the experimental set up as well as the measurements of the 

three rough surface profiles in oil. The implications and interpretation of these results will be 

x-rayed and discussed in greater detail. In addition, the theoretical verification of the results of 

the experimental rough surface model will also be carried out and both sets of results will be 
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compared and analysed with salient conclusions drawn from them as well as the implications 

of these results. We shall also consider in greater depth, how the surface reflectivity changes 

when varied quantities of oil is introduced onto the rough surface. The impact of oil on these 

modified rough surfaces will be analysed and measurements using the 3 rough surface profiles 

in oil will be extensively discussed and analysed. the rough surface model is integrated with a 

radar system. Finally, the measurement parameters from both the developed rough surface 

and experimental models are verified and compared with each other as well as against 

industry benchmarks in the oil and gas industry.     

 In Chapter 6, the conclusions of the study overall including findings and outcomes from the 

research are presented. In addition, the limitations encountered are x-rayed and the section 

on future work shows possible further studies based on this thesis. 

1.6. Publications  

E.Uche, M.Cherniakov, M. Antoniou, “Oil leak detection using X-band radar”, IEEE Sensors 

Journal, in preparation  

E. Uche, M.Cherniakov, M. Antoniou, “Surface reflectivity analysis for oil leak detection – 

simulation results”, IET Radar, in preparation  
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Chapter 2. FUNDAMENTALS OF RADAR 

Radar has been a hugely significant technology in terms of its military applications during 

World War II [72]. RADAR which is an acronym based on the phrase “RAdio Detection And 

Ranging”, is an electromagnetic based detection system that works by radiating 

electromagnetic waves outwards in space to illuminate an area and then studying the reflected 

back waves otherwise known as echoes emanating from a target(s) within the illuminated area 

in order to detect this target(s) as well as determine its location(s) [73], [74]. Detection refers 

to whether the target (which can be stationary or non-stationary) is present or not. Ranging 

refers to the distance between the radar and the target. A radar system can therefore be used 

to determine the ranges, velocities, and angles of targets. In a computational environment, the 

information acquired by radar is processed. As a result, it is possible to now retrieve 

information about targets [73].  

Despite the fact that radar systems were created for military purposes, they have been 

implemented in a variety of fields, including air traffic control, weather forecasting, astronomy 

and navigation [75]. In addition, there are a number of types of radar employed for a range of 

purposes and employing a number of techniques, such as monostatic and bistatic radars, 

pulsed radars, continuous wave radars, secondary surveillance radars as well as Synthetic 

Aperture Radar (SAR) [73], [74]. Further details about these types of radars will be explored 

in greater depth as we progress in this thesis.         

2.1. Introduction  

A radar system [76] therefore comprises of at least a transmitter, a target and a receiver as 

shown in Figure 2.1 which also contains a pictorial description of its basic principle.  
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Figure 2.1: A radar system and a pictorial description of its working principle 

Radar signals radiated from the transmitter antenna propagate in space and illuminate an area 

that depends on the antenna beam pattern. The target within this area scatters the incoming 

energy of the signal. A small amount of scattered energy reaches the receiver antenna as the 

received signal. The received signal is a delayed version of the transmit signal. By using this 

delay, the distance between the radar and the target can be calculated easily. Radar is a 

significant instrument in remote sensing because it can operate under extreme weather 

conditions, whether it is day or night, and over long distances. As a result, radars can be used 

for various applications on ground, on sea and in space. In addition, radars can discriminate 

moving targets, even with undesired reflections emanating from the illuminated area, and other 

objects. Radars can thus measure the comparative speed of these targets as well as estimate 

the radial velocity with the aid of the Doppler effect [77].  

Radar systems can be classified into different categories based on various criteria. The criteria 

could be in terms of the separation between the transmitting and the receiving antennas or in 

terms of the application of the radar system [73]. If the phases of the transmit signals are the 

same with each other, the radar is referred to as a coherent radar. This kind of radar enables 

velocity and angle estimation by using the phase difference of the incoming signals. When two 

consecutive coherent signals are transmitted towards a moving target, a phase difference 

occurs between two received signals due to the movement of the target. By exploiting this 
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phase difference, velocity can be estimated. Two receivers are also needed to estimate the 

angle. If the scattered signal is received by multiple antennas which are separated by a small 

distance, a phase difference depending on the target’s angle occurs between received signals. 

By using this phase difference, relative angle estimation can be easily realised.   

2.2. Brief History of RADAR  

The basic concept of radar, which is the detection and location of reflecting objects, was first 

demonstrated through the experiments conducted by the German physicist between 1885 and 

1888. Following this other evidence on the radar method appeared and was examined by 

scientists from many other countries, for example Britain and the USA. This method did not 

become truly useful until the transmitter and receiver were collocated at a single site and pulse 

waveforms were used. From the 1930s to World War II, radar was rediscovered and many 

radar systems were developed almost simultaneously and independently in many countries 

[78]. The original systems measured the range to a target via time delay, and the direction of 

a target via antenna directivity. It was not long before Doppler shifts were used to measure 

target speed. Then in 1951, it was discovered that the Doppler shifts could be processed to 

obtain fine resolution in a direction that was perpendicular to the range or beam direction. This 

method was termed Synthetic Aperture Radar (SAR), which referred to the concept of 

achieving high resolution in the cross-range dimension by taking advantage of the motion of 

the platform carrying the radar to synthesize the effect of a large antenna aperture through 

signal processing [79]. This concept of SAR will be x-rayed in greater depth as we progress 

in this thesis.  

The phenomenology of radar goes back to the 1800s when Heinrich Hertz demonstrated radio 

wave reflection by metallic objects at 455 MHz [80]. Nicola Tesla, in 1900 suggested that the 

reflection of EM waves could be used to detect metallic objects. The first patent on radar was 

acquired in 1904 by Christian Hulsmeyer, who called this a ‘Remote Object Viewing Device’ 

for obstacle detection and ship navigation. Hulsmeyer developed a prototype device to locate 

nearby ships in thick fog that were otherwise invisible to the human eye.  
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However, the late nineteenth and early twentieth century saw the emergence of technologies 

that eventually led to contemporary radar systems. At that time, radar applications were 

primarily focused on military and commercial use. Modern radar was rapidly developed during 

World War II for its use in air defence, such as long-range air surveillance and short-range low 

altitude target identification. In 1939, the US Navy created the acronym, ‘RADAR’. The 

invention of the cavity magnetron by British Physicists John Randall and Harry Boot marked 

a significant advancement in the use of radar. Cavity magnetron shortened the radio wave 

pulse and allowed for compact radar systems.  

In the post war period, improvements were made in developing continuous wave (CW) and 

pulsed radar systems for military and civilian applications. Notable civilian applications of radar 

were the weather radar and the air-traffic control radar for air traffic safety in airports. The 

radar gun was later developed during the 1950s and 1960s and was used by police officers 

to ensure the speed limits of vehicles.  

Since the 1970s, digital technology has undergone incredible development, making the signal 

processing requirements for contemporary radar achievable. Significant advances were made 

in the airborne pulse-Doppler radar, which enhanced its ability to detect aircraft amid dense 

ground clutter. Over the next decade, technology further evolved, and radars could distinguish 

between different types of targets. As computer technology advanced, more information about 

the characteristics of targets and the surroundings in which radar functions became available.         

2.3. Types of RADAR  

Broadly, radar can be classified into two types, as indicated in Figure 2.2.  
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Figure 2.2: Major Types of Radars  

 

These types of radars will be briefly discussed in the following subsections as we progress in 

this thesis.  

2.3.1. Monostatic RADAR  

A monostatic radar has a collocated transmitter and receiver. As a result, the radar can 

transmit or receive at a specific instant of time [81]. The radar configuration for a monostatic 

radar is shown in Figure 2.3.  

 

     

Figure 2.3: Configuration of a Monostatic Radar 

 

2.3.2. Bistatic RADAR  

In a bistatic radar, the transmitter and the receiver are at separate locations if observed from 

the target’s perspective. Therefore, they can operate simultaneously [81]. The radar 

configuration for a bistatic radar is shown in Figure 2.4.  
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Figure 2.4: Configuration of a Bistatic Radar 

 

Radar sensors that are a subject of discussion in the presented work are monostatic.  

2.3.3. Pulsed and Continuous Wave RADAR  

Pulsed radars transmit a short-duration pulse and then go into listening mode. During this 

time, they receive and process the echo signal before the new transmission. These radars are 

commonly used for longer ranges. A typical example of pulsed radar is airborne radar [82].  

Continuous wave radars operate continuously and therefore have lower average power than 

pulse radars. Therefore, they are more suitable for comparatively short-range operations. The 

continuous wave radars are further divided into the unmodulated continuous wave radars and 

the modulated continuous wave radars. The unmodulated continuous wave radars transmit 

continuous wave signal of specific frequency and are used to measure the speed of targets, 

such as radar guns used to monitor the speed of vehicles. While for the modulated continuous 

wave radars, the continuous wave is modulated with either frequency modulation – frequency 

modulated continuous wave radars (FMCW) or phase modulation – phase modulated 

continuous wave radars (PMCW). These radars are used to estimate the range of the targets 

as well as the relative speed.  

In this project, a stepped frequency waveform is used. A stepped frequency waveform is a 

type of waveform that consists of a series of discrete frequency steps, each with a constant 

 Transmitter Receiver 
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frequency and amplitude for a specific duration of time. This type of waveform is often used in 

radar systems, where it allows for the precise measurement of distance and velocity of targets. 

2.4. RADAR Sensors  

A radar sensor is any device that can convert radio or microwaves into an electrical signal. 

Radar sensors make use of radio waves to determine the relative distance and position of an 

object to the sensor. Radar sensors are a key technology that is rapidly evolving and have 

become a popular choice in many machine vision and automation applications. In relation to 

this project, there are a lot of advantages of radar over other sensors. Radar sensors are able 

to operate in all weather conditions and have the capability of sensing either in the day or 

night. Radar sensors are also sensitive to the roughness of a surface as well as the dielectric 

materials they are sensing. In many areas, we are benefitting from innovative sensor solutions. 

A radar sensor works on the detection of transmitted and reflected electromagnetic radiation. 

Some of the other characteristics of the technology of radar sensors include the following –  

✓ Contactless – The radar detection measuring principle involves no contact at all. The 

sensor does not have to have direct contact with a material or object being detected 

as radar sensors reliably measure and detect even at a long distance.  

✓ Anonymous – Radar sensors are used for industrial and automotive applications and 

don’t produce images. They merely form a sort of cloud of dots, which gives a rough 

indication of the contours of objects as well as the infrastructure of the surroundings. 

Contrary to a camera, people are not identifiable.  

✓ Comprehensive data – Radar sensors detect movements and stationary objects. After 

signal processing, the data received through reflection provides a variety of information 

about the detected objects, vehicles, animals, or persons. In addition, data such as 

direction of movement, speed, distance and angular position in relation to the sensor 

are available.  
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✓ Multi-dimensional detection – Depending on its modulation, radar collects extensive 

data about its environment. This enables sensors to also record the environment in 

three dimensions, like a human eye.  

✓ Wide range variability – Radar waves spread freely in space or in the air. Depending 

on the sensor’s technical development and purpose, extreme ranges can be achieved 

if necessary. For commercial applications, the coverage range usually varies from one 

centimetre to a few hundred metres.  

✓ Material penetration – The electromagnetic waves of radar sensors penetrate various 

materials. Plastics are very well suited for covering or designing a radome (antenna 

cover). It allows the sensors to be integrated discreetly into a product design.    

Radar sensing relies on the principle of reflection of electromagnetic waves by surfaces and 

Table 2.1 provides a rough overview of what makes radar sensors different from other sensor 

technologies.  

Table 2.1: Comparison of radar sensors to other sensor technologies. 

 



36 
 

Not all radar is the same. The radar sensors often differ in terms of functions and properties. 

This is because, depending on the application, different configurations are required to conduct 

the desired measurement. The differences between different radar types are defined via two 

basic parameters which are the frequency band used and the modulation.  

In terms of the structure of a radar sensor, in addition to its front end, a complete radar sensor 

consists of units for signal conditioning as well as signal processing. Signal conditioning and 

processing analyse and interpret the signals provided by the front end. Most radar sensors 

also incorporate a number of signal processing electronics to process phase information about 

the detected waves that can be converted into information about object distance and angle. 

These elementary components may be supplemented with a radome, housing, lens and a 

component carrier.  

2.5. RADAR Equation  

In an ideal free-space environment, radar waves travel in straight lines without attenuation or 

distortion. The radar equation indicates trade-offs among radar parameters, and it can be used 

to calculate the maximum detectable range, sensitivity and signal to noise ratio (SNR) [73], 

[77]. The first part of the equation (2.1) shows the power loss of the transmitted signal in free 

space until reaching the target. The second part is responsible for the power loss of the back-

scattered signal towards the radar receiver in free space. The last term of the equation is 

related to the size of the receiver antenna.  

𝑃𝑟 =
𝑃𝑡𝐺𝑡

4𝜋𝑅2
∗

𝜎

4𝜋𝑅2
∗ 𝐴𝑒  

(2.1) 

where 𝑃𝑟 is the received signal power, 𝑃𝑡 is the transmit signal power, 𝐺𝑡 is the transmitter 

antenna gain, R is the range i.e. the distance between the radar and the target, 𝜎 is radar 

cross section, 𝐴𝑒 is the effective aperture of the receiver antenna. This effective aperture of 

the antenna is given by equation (2.2), where 𝐺𝑟 is the receiver antenna gain.  
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𝐴𝑒 =
𝜆2𝐺𝑟

4𝜋
 

(2.2) 

The maximum detectable range can be calculated by using equations (2.1) and (2.2). When 

the received signal power 𝑃𝑟 is equal to the minimum received power 𝑃𝑟𝑚𝑖𝑛 which is required 

to detect a target, range R can be expressed as maximum detectable range  𝑅𝑚𝑎𝑥 . As seen 

from equation (2.3), if the transmit power 𝑃𝑡 is increased by a given factor, 𝑅𝑚𝑎𝑥 will increase 

only to the fourth root of that factor. Equation (2.3) therefore illustrates that:  

𝑅𝑚𝑎𝑥 = √
𝑃𝑡𝐺𝑡𝐺𝑟𝜎𝜆2

(4𝜋)3𝑃𝑟𝑚𝑖𝑛

4

 

(2.3) 

The minimum required received power 𝑃𝑟𝑚𝑖𝑛 represents the sensitivity of the radar receiver 

and it is limited by the thermal noise of the receiver. Noise power is expressed by equation 

(2.4)  

𝑃𝑛 = 𝑘. 𝑇. 𝐵. 𝐹 (2.4) 

where 𝑃𝑛 is the Noise Power, k is the Boltzmann’s constant, T is the Noise Temperature, B is 

the Bandwidth, and F is the Noise Figure.  

In equation (2.4), k is a constant and T is not an adjustable parameter. Therefore, there are 

only two parameters which can be altered to adjust the noise power. High bandwidth is desired 

to have a better resolution. Hence, there should be a trade-off between high bandwidth and 

noise power. On the other hand, the noise figure can be reduced as much as possible to keep 

the noise power at a certain level.  

Noise figure is a measure which shows how much the signal is degraded by the receiver. Each 

component in the receiver chain contributes to the noise figure. However, it can be said that 

the first component in the chain dominates the system noise figure if it has more than 10 dB 
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gain. Therefore, a low noise amplifier is always used after the antenna as the first component 

in the receiver chain. The noise figure of a system is given in equation (2.5) as  

𝐹𝑠𝑦𝑠𝑡𝑒𝑚 = 𝐹𝐿𝑁𝐴 +
𝐹𝑠𝑒𝑐𝑜𝑛𝑑−1

𝐺𝑎𝑖𝑛𝐿𝑁𝐴
+

𝐹𝑡ℎ𝑖𝑟𝑑−1

𝐺𝑎𝑖𝑛𝐿𝑁𝐴 ∗ 𝐺𝑎𝑖𝑛𝑠𝑒𝑐𝑜𝑛𝑑
+ ⋯ 

(2.5) 

Signal to noise ratio (SNR) is one of the most important parameters. It must always be higher 

than a specific value depending on the sensitivity of the receiver. SNR can be calculated with 

the ratio of equation (2.1) to equation (2.4). However, until that point, the radar equation has 

been presented without considering losses. As mentioned in [73], there are five different 

losses namely: system loss, transmit loss, the atmospheric loss, the receiver loss, and the 

signal processing loss. If the sum of all the losses is represented by 𝐿𝑆, SNR can thus be 

represented by equation (2.6) as  

𝑆𝑁𝑅 =  
𝑃𝑟

𝑃𝑛
=

𝑃𝑡𝐺𝑡𝐺𝑟𝜎𝜆2

(4𝜋)3𝑅4𝑘𝑇𝐵𝐹𝐿𝑠
 

(2.6) 

 

2.6. RADAR Waveform – Stepped Frequency Waveform  

Radars are critical systems used for detecting and ranging objects. Traditional radar 

waveforms such as continuous wave (CW) and pulse waveforms have limitations in range 

resolution and penetration capabilities. Stepped Frequency Waveform (SFW) addresses 

these limitations by combining the benefits of both pulse and frequency modulated signals.  

SFW offers several advantages over traditional radar waveforms:  

1. High Range Resolution: By using multiple frequencies, SFW can achieve finer range 

resolution than single-frequency pulse waveforms.  

2. Improved Penetration: The varying frequencies can penetrate through different 

materials better than a single frequency, enhancing detection capabilities in cluttered 

environments.  
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3. Reduced Ambiguity: The stepped frequency approach reduces range and Doppler 

ambiguities compared to CW radars.  

4. Flexibility: SFW allows for flexible waveform design to adapt to various operational 

requirements and constraints.  

Consider a radar system that transmits a sequence of N pulses, each with a different 

frequency. The parameters are defined as follows:  

• Initial frequency 𝑓𝑜 

• Frequency step ∆𝑓 

• Number of steps N  

• Pulse width T   

The n-th transmitted pulse can be expressed mathematically in equation 2.7 as:  

𝐴𝑐𝑜𝑠 (2𝜋 (𝑓𝑜 +
𝑛

∆𝑓
) 𝑡)        0 ≤ 𝑡 < 𝑇 

(2.7) 

Where n = 0, 1, 2, ……. N – 1 and A is the amplitude.  

Assuming a single target at range R with reflectivity σ, the received signal for the n-th pulse 

can be modelled as equation 2.8:  

𝑟𝑛(𝑡) =  𝜎𝐴𝑐𝑜𝑠 (2𝜋(𝑓𝑜 + 𝑛∆𝑓) (𝑡 −
2𝑅

𝑐
)) 

(2.8) 

Where c is the speed of light.  

The received signals are sampled and stored in a matrix R of size N x M, where M is the 

number of samples per pulse given in equation 2.9 as:  

𝑅𝑛,𝑚 = 𝑟𝑛(𝑚∆𝑡)  (2.9) 

with ∆𝑡 being the sampling interval.  
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In the time domain, each transmitted pulse has a duration of T seconds and is separated from 

the next by the same duration. The sequence of pulses with different frequencies forms the 

stepped frequency waveform.  

 

 

Figure 2.5: Transmitted and received stepped frequency waveforms 

Figure 2.5 illustrates the transmitted and received stepped frequency waveforms. The 

transmitted waveforms consist of a series of pulses with increasing frequency. The received 

waveform is a delayed and attenuated version of the transmitted waveform depending on the 

target’s range and reflectivity.  

To analyse the waveform in the frequency domain, a fast Fourier Transform (FFT) is applied 

on the received signal for each pulse as shown in equation 2.10:  

𝑅𝑛(𝑓) =  ∑ 𝑟𝑛(𝑚∆𝑡)𝑒−𝑗2𝜋𝑓𝑚∆𝑡

𝑀−1

𝑚=0

 

(2.10) 
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The frequency domain representation shows the discrete frequency components 

corresponding to each pulse. The spectrum consists of spikes at the transmitted frequencies. 

Each spike in the spectrum corresponds to a specific transmitted frequency, providing a clear 

view of the frequency components. The results are shown in Figure 2.6.    

2.7. Propagation and Target RCS   

Radar systems rely on the transmission and reflection of electromagnetic waves to detect, 

locate, and characterise objects. However, the propagation environment, including 

atmospheric conditions, terrain, and obstacles, significantly affects the behaviour of these 

waves, thereby influencing overall radar performance. Several factors play critical roles in 

shaping the propagation characteristics of radar signals. These include the frequency and 

wavelength of the radar signal, atmospheric conditions such as humidity, temperature, 

pressure, the nature of the terrain and surface features, and the presence of obstacles and 

clutter in the environment.  

2.7.1. Atmospheric Effects on Radar Propagation     

The atmosphere impacts radar wave propagation through various mechanisms, including 

attenuation, refraction, and scattering. These effects are highly frequency-dependent and vary 

with the prevailing atmospheric conditions.  

2.7.1.1. Attenuation      

Atmospheric attenuation arises from absorption by atmospheric gases and scattering by 

particles such as rain and fog. This results in signal degradation and limits the radar’s effective 

range. The total attenuation A (dB/km) is the sum of molecular absorption and scattering 

losses, as represented by Equation 2.11 as:  

𝐴 = 𝐴𝑎𝑏𝑠 + 𝐴𝑠𝑐𝑎𝑡 (2.11) 

Molecular Absorption occurs due to the interaction of radar waves with atmospheric gases 

such as oxygen and water vapour. This effect becomes more pronounced at higher 

frequencies, particularly in mmWave radar systems.  
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Scattering losses result from the interaction of radar waves with particles like raindrops, fog, 

and dust. The extent of scattering depends on the size of these particles relative to the 

wavelength of the radar signal, with larger particles causing greater scattering and attenuation.   

2.7.1.2. Refraction      

Refraction occurs when radar waves bend due to variations in the refractive index of the 

atmosphere. The refractive index is influenced by temperature, pressure, and humidity. 

Refraction can lead to three key effects: 

• Sub-refraction: Radar waves bend away from the Earth’s surface, reducing the 

detection range. 

• Super-refraction: Radar waves bend towards the Earth, increasing the detection range.  

• Ducting: Under specific conditions, radar waves can become trapped in a duct, 

significantly extending the radar range beyond normal limits.  

2.7.1.3. Scattering and Clutter       

Scattering from the ground, vegetation, and man-made structures introduces clutter, which 

can obscure target returns and reduce radar performance. The characteristics of clutter 

depend on the radar frequency, polarisation, and incidence angle, with different environments 

exhibiting unique clutter signatures.     

2.7.2. Terrain and Surface Effects      

The nature of the terrain and surface features further influences radar wave propagation 

through reflection, diffraction, and shadowing. These effects can affect detection accuracy and 

create blind spots in radar coverage.  

2.7.2.1. Surface Reflection       

Radar waves reflect off surfaces such as water, soil, and concrete with the reflection behaviour 

depending on the surface material and incidence angle. Smooth surfaces result in specular 

reflections, while rough surfaces scatter the radar waves in multiple directions, leading to 

diffuse reflections.   



43 
 

2.7.2.2. Diffraction       

Diffraction allows radar waves to bend around obstacles, a phenomenon particularly 

significant in hilly or urban environments. This effect enables waves to propagate beyond 

physical obstructions such as buildings and terrain features, albeit with reduced strength.  

2.7.2.3. Shadowing        

Obstacles such as buildings and mountains create shadow regions, where radar waves cannot 

penetrate. These shadow zones result in blind spots in radar coverage, reducing situational 

awareness and target detection capability.  

2.7.3. Multipath Propagation  

Multipath propagation occurs when radar waves reflect off multiple surfaces before reaching 

the target or returning to the radar receiver. This phenomenon can have both constructive and 

destructive effects on radar performance: 

• Ghost targets: False detections caused by delayed reflections from multiple paths. 

• Signal fading: Reduction in signal strength due to destructive interference between 

multiple signal paths. 

• Phase shifting: Alteration in the phase of the received signal, which affects coherent 

processing and degrades signal quality.  

Figure 2.6 shows the effect of propagation on radar returns for free space as well as when the 

electromagnetic wave undergoes attenuation, refraction and reflection. The plot demonstrates 

how radar signal strength degrades with distance and additional environmental losses. Free 

space loss is the baseline, while atmospheric attenuation and refractive bending compound 

energy loss. Reflection introduces further degradation, often simulating worst-case 

propagation paths. The analysis helps contextualise how real-world factors influence radar 

signal strength. The radar range equation forms the baseline for all conditions where a 

monostatic radar is used, and a standard atmospheric model is assumed for a flat terrain with 

line-of-sight propagation  
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Figure 2.6: Effect of Propagation on Radar Returns 

2.8. RCS vs Aspect Angle    

Radar Cross Section (RCS) is a measure of a target’s ability to reflect radar signals in the 

direction of the radar receiver. It is a crucial parameter in radar system design and target 

detection, identification and tracking. The RCS of a target is not a fixed value but varies with 

the aspect angle, frequency of the radar signal, polarisation and the physical characteristics 

of the target.  

RCS, denoted as σ is defined in Equation 2.12 as:  

𝜎 =  lim
𝑅→∞

4𝜋𝑅2
|𝐸𝑠|2

|𝐸𝑖|2
 

(2.12) 

Where R is the distance from the radar to the target, 𝐸𝑠 is the scattered electric field strength, 

𝐸𝑖 is the incident electric field strength.  
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The RCS of a target depends on several factors:  

• Frequency of the incident radar wave: Higher frequencies tend to reveal more 

detailed features of the target.  

• Polarisation of the radar wave: Different polarisations (horizontal, vertical, circular) 

interact differently with the target.  

• Aspect Angle: The orientation of the target relative to the radar affects the RCS 

significantly.  

• Target Shape and Material: The geometry and composition of the target influence 

how it reflects radar waves.  

2.8.1. Aspect Angle and Its Impact on RCS      

The aspect angle is the angle between the line of sight of the radar and a reference axis on 

the target, typically the longitudinal axis. It describes the target’s orientation relative to the 

radar. The RCS can vary dramatically with aspect angle due to:  

• Specular Reflection: When the radar wave reflects directly back to the radar, the RCS 

is high. This typically occurs at certain angles, like nose-on or tail-on for simple shapes.  

• Diffraction: Waves bending around the edges of the target contribute to RCS, more 

noticeable at side-on aspects.  

• Multipath Reflection: Complex targets with multiple surfaces can cause multipath 

reflections, creating constructive or destructive interference patterns.  

The variation of RCS with aspect angle can be modelled using different methods depending 

on the complexity and shape of the target:  

2.8.1.1. Simple Geometric Shapes:       

For simple shapes like spheres, cylinders or flat plates, analytical expressions can describe 

the RCS. For example:  

• Sphere: The RCS of a sphere is constant and independent of the aspect angle.  
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• Cylinder: The RCS of a cylinder varies with the angle θ as shown in Equation 2.13 

below:  

𝜎(𝜃) =  
2𝜋𝑅2𝐿2

𝜆2
sin2( 𝜃) 

(2.13) 

where R is the radius, L is the length, and λ is the wavelength of the incident radar 

wave.    

• Flat Plate: The RCS of a flat plat also varies with angle and is defined in Equation 

2.14 as:  

𝜎(𝜃) =  4𝜋
𝐴2

𝜆2
cos2( 𝜃) 

(2.14) 

where A is the area of the plate.  

2.8.1.2. Complex Targets:        

For complex targets, numerical methods such as the Method of Moments (MoM), Finite 

Element Method (FEM), and Physical Optics (PO) are used to calculate the RCS. These 

methods consider the intricate interactions of electromagnetic waves with the target’s surface.  

Empirical models and experimental measurements often complement theoretical models, 

especially for complex targets. Anechoic chambers and outdoor radar ranges are used to 

measure the RCS at various aspect angles.  

Figure 2.7 shows how the RCS varies with aspect angles for a Sphere and a flat plate. The 

figure visually captures the difference between isotropic and anisotropic radar scatterers. The 

sphere is ideal for omnidirectional reflection modelling (like calibration targets) while the flat 

plate demonstrates aspect-dependent reflectivity, which is crucial in stealth design, where 

minimising radar return is desired at certain angles. For the sphere, due to its symmetrical 

shape, the radar sees the same cross-section at all angles. The RCS remains flat across 0° 

to 180°. For the flat plate, the maximum RCS at broadside (0° to 180°) drops sharply to a null 

at 90° (edge-on). This is where the radar wave reflects away from the transmitter.   
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Figure 2.7: RCS variation with Aspect Angle 

2.9. Summary  

The fundamentals of RADAR as well as a brief history of RADAR have been presented. The 

types of RADAR as well as their modes of operation were investigated. The RADAR equation 

as well as the RADAR waveform especially in terms of the Stepped Frequency Waveforms 

were also x-rayed in greater detail and implemented. MATLAB simulations were also 

performed to validate the radar waveform and the Stepped Frequency Waveforms both in the 

time and frequency domains. The findings demonstrated that it performed as predicted. The 

effect of propagation on radar returns was discussed and extensively analysed for a free space 

as well as other scenarios. The atmospheric effects (which include attenuation, refraction and 

reflection) on radar propagation was also investigated. Furthermore, the variation of RCS with 

the aspect angle was also discussed and extensively analysed for a flat plate and a sphere. 

The complexity and shape of the target also has an impact on the RCS.  
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Chapter 3. DEVELOPMENT OF A ROUGH 

SURFACE MODEL 

In this chapter, we shall consider the development of a rough surface model, but before we 

consider the simulation of a rough surface it is important to consider the properties of some 

materials and the propagation of electromagnetic waves in such materials. The materials in 

this instant will involve looking at soils and the dielectric properties of various types of soils. 

Soils are being investigated in this research because pipeline networks are typically laid on or 

buried beneath them, making their properties crucial for understanding electromagnetic wave 

propagation and leak detection [83]. While soils often exhibit rough surface characteristics, 

their primary relevance here lies in their role as the medium surrounding the pipelines. So, the 

detection and identification of oil spills and leaks from pipeline networks on these soil surfaces 

is the reason behind the simulation of a rough surface model. A rough surface model is 

simulated so as to understand how reflections occur from these rough surfaces and in turn 

extrapolate it to a soil surface to know how oil reflects from a soil surface that is smooth and 

another that is rough [84]. This will ultimately help with the effective remote monitoring of 

pipeline networks using radar sensors in detecting oil leaks and spills. As a result, the radar 

reflectivity of oil in various soil types and varied materials will be thoroughly considered [85], 

[86]. X-band radars which offer high resolution but less penetration, making it ideal for detailed 

surface imaging, will be used for the model unlike the P-band radars applied in SAR systems.   

3.1. Properties of Materials  

In looking at the properties of materials, it is expedient to note that the attenuation of 

electromagnetic (EM) radiation rises with frequency and at a given frequency, wet materials 

exhibit a higher loss than dry ones. It is therefore important to understand the characteristics 

of materials which affect both the velocity of propagation and attenuation [87], [88]. The 

velocity of propagation is governed by the relative permittivity of a material which is influenced 
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by multiple factors, including moisture content, material composition, density and temperature. 

The velocity Ʋ of an electromagnetic wave in a material is given by Equation 3.1 as  

Ʋ =  
𝑐

√∈𝑟

 
(3.1) 

where c is the speed of light in a vacuum (≈ 3.0 x 108 m/s), and ∈𝑟 is the relative permittivity 

(also called the dielectric constant) of the material.   

At low microwave frequencies, the relative permittivity (∈𝑟) of most dry soils and man-made 

materials typically ranges between 2 and 9. However, due to moisture content and other 

compositional factors, the measured relative permittivity of soils can vary between 4 and 40 

[88], [89]. The absolute permittivity ∈ which is the product of relative permittivity and the 

permittivity of free space ∈0 also varies with frequency. However, for most materials, it 

remains approximately constant over the range of frequencies used in ground penetrating 

radar (GPR) applications [70], [90], [91]. Permittivity is a fundamental property of a material 

that describes its ability to store electrical energy in an electric field and is very essential in 

understanding electromagnetic wave propagation, reflection and attenuation in different 

materials. Relative permittivity ∈𝑟 which is also known as the dielectric constant is the ratio of 

a material’s absolute permittivity ∈ to the permittivity of free space ∈0 which is given in 

Equation 3.2. The attenuation of EM wave in a material is a much more complex relationship 

and will be looked at in more detail later.  

∈𝑟=  
∈

∈0
 

(3.2) 

The physical models that will be used to predict the propagation of EM waves in dielectric 

materials are the EM wave theory and other relevant wave propagation models [83], [85], [88], 

[92]. Geometrical optics is generally applicable when the wavelength of EM radiation is much 

smaller than the dimensions of the object or medium being illuminated. It is particularly 
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relevant in materials with low dielectric losses, such as dry materials because it assumes that 

EM waves travel as rays and do not undergo significant absorption or scattering. However, 

optical theory applies to both dry and wet materials, as it encompasses wave-based and ray-

based models depending on the medium’s properties. Since wet materials introduce 

significant absorption and scattering, wave-based approaches like the full-wave EM theory are 

suitable for modelling wave interactions rather than geometrical optics. Furthermore, 

geometrical optics assumes well-defined refractive boundaries, which are more common in 

dry, solid materials than in highly conductive or lossy wet materials. Materials containing 

appreciable amounts of moisture will behave as conducting dielectrics especially if the 

moisture contains ions. The variability of both material parameters and local geological 

conditions is such as to cause great difficulty in accurate prediction of propagation behaviour. 

Based on the crux of this project, we are not really too interested in how EM wave propagates 

in a material but more interested in the reflectivity of EM waves from such materials and this 

will be investigated in more detail as this research progresses. We are more interested in the 

reflectivity of radar signals because this will make us understand in detail how EM waves 

interact with oil spills on a soil surface emanating from leaks on pipeline networks so as to 

facilitate the early detection of leaks in the remote monitoring of pipeline infrastructure. Table 

3.1 highlights the typical range of dielectric characteristics of various materials at 100MHz [86], 

[93].  

Table 3.1: Typical range of dielectric characteristics of various materials 

measured at 100MHz [93], [94]  

 

Material  Conductivity (S/m)  Rel. Permeability  
Air  0  1 

Asphalt dry   0.01 – 0.1  2 – 4  

Asphalt wet   0.001 – 0.1  6 – 12  

Soil clay dry  0.01 – 0.1  4 – 10  

Soil clay wet   0.001 – 1  10 – 30  

Soil loamy dry  0.0001 – 0.001  4 – 10  

Soil loamy wet   0.01 – 0.1  10 – 30  

Soil sandy dry  0.0001 – 0.01  4 – 10  

Soil sandy wet   0.01 – 0.1  10 – 30  

Sea water   100  81  

Sea water ice   0.01 – 0.1  4 – 8  
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3.2. Propagation of Electromagnetic Waves in Dielectric Materials  

Now let’s briefly consider the propagation of EM waves in dielectric materials. Maxwell’s 

equations are the foundation for the consideration of EM waves [83], [85], [90]. In free space, 

the magnetic susceptibility and electric permittivity are constants which implies they are 

independent of frequency and the medium is not dispersive. In a perfect dielectric, no 

propagation losses are encountered, hence, there is no consideration of the attenuation which 

occurs in real dielectric media. Plane waves are good approximations to real waves in practical 

situations particularly in low loss and resistive media e.g. sands and dry limestone. More 

complicated EM wavefronts can be considered as a superimposition of plane waves, and this 

may be used to gain insight into complex situations. The most important microwave 

characteristics of soils are the relative dielectric constants and attenuation. These values as a 

function of frequency can be used to predict the performance of radar signals in typical soils 

with known moisture contents. A table of dielectric constants (like conductivity, permittivity, 

permeability values etc.) for various land and soil types and at various frequencies has been 

worked upon and populated despite difficult efforts to obtain most of these constants in 

literature [86], [95]. As a result, the reflectivity of radar signals and at very high frequencies for 

various soil types with oil and without oil have been successfully modelled utilising these 

parameters. By so doing, some of the parameters of the reflected signal like the reflectivity, 

amplitude, phase, frequency etc. have been obtained and correctly interpreted. The actual 

performance of radars can vary quite considerably due to the wide variations that may be 

encountered in local soil and material conditions.  

3.3. Mechanism of Reflection and Transmission from Surfaces  

Reflection occurs when light (EM wave) moves from a medium of one index of refraction into 

a second medium with a different index of refraction. The reflectance of the surface of a 

material is its effectiveness in reflecting radiant energy. It is the fraction of incident power that 

is reflected at an interface. When an EM wave encounters a boundary between two materials 

with different impedances, some of the energy in the wave will be reflected at the boundary, 
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while some of the energy will be transmitted through the boundary. The amplitude of the 

reflected wave is predicted by multiplying the amplitude of the incident wave by the reflection 

coefficient R [91]. The impedance contrast Z is determined by the wave velocity V and the 

density ρ of the material. For a wave that hits a boundary at normal incidence, Equation 3.3 is 

thus:  

𝑅 =  
𝑍2 − 𝑍1

𝑍2 + 𝑍1
 

(3.3) 

where 𝑍1 and 𝑍2 are the impedances of the first and second medium. The amplitude of the 

transmitted wave is predicted by multiplying the amplitude of the incident wave by the 

transmission coefficient T given by Equation 3.4 below as:  

𝑇 = 1 − 𝑅 =  
2𝑍1

𝑍2 + 𝑍1
 

(3.4) 

 

As the sum of the squares of amplitudes of the reflected and transmitted waves must be equal 

to the square of the amplitude of the incident wave, then Equation 3.5 below is given:  

𝑍1(1 − 𝑅2) =  
𝑍1(𝑍2 + 𝑍1)2 − 𝑍1(𝑍2 − 𝑍1)2

(𝑍2 + 𝑍1)2
=

4𝑍2𝑍1
2

(𝑍2 + 𝑍1)2
= 𝑍2𝑇2 

(3.5) 

 

Figure 3.1a shows the reflection of a P-wave off an interface at normal incidence, while Figure 

3.1b shows the mode conversions that occur when a P-wave reflects off an interface at non-

normal incidence. The P-wave is one of the linear polarisation components of the incident 

wave, while the other linear polarisation component is the S-wave.  
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(a)Reflection at normal incidence       (b)mode conversions at non-normal incidence 

Figure 3.1: a) Reflection of a P-wave off an interface at normal incidence 

b)mode conversions when a P-wave reflects off an interface at non-normal 

incidence [86], [92], [96] 

The situation becomes much more complicated in the case of non-normal incidence (as shown 

in Figure 3.1b due to mode conversion between P-waves and S-waves. The P-wave and the 

S-wave are the two different linear polarisation components of the incident wave and are 

orthogonal to each other. The s polarisation refers to the polarisation of a wave’s electric field 

normal to the plane of incidence, and the magnetic field is in the plane of incidence, while the 

p polarisation refers to the polarisation of the electric field in the plane of incidence with the 

magnetic field normal to the plane of incidence. Although the reflectivity and transmission are 

dependent on polarisation, at normal incidence, there is no distinction and so all polarisation 

states are governed by Fresnel equations or coefficients.  

Fresnel equations describe the ratios of the electric fields of the transmitted and reflected 

waves to the electric fields of the incident wave. The equations also assume the interface 

between the media is flat and the media are homogenous and isotropic. Fresnel equations for 

reflection and transmission for both s – polarised (electric field perpendicular to the plane of 
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incidence) and p – polarised (electric field parallel to the plane of incidence) light are 

highlighted in Equations 3.6 to 3.9.  

𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓 𝑠 − 𝑝𝑜𝑙𝑎𝑟𝑖𝑠𝑒𝑑 =  𝑟𝑠 =  
𝑛1 cos 𝜃𝑖 − 𝑛2 cos 𝜃𝑡

𝑛1 cos 𝜃𝑖 + 𝑛2 cos 𝜃𝑡
 

(3.6) 

 

𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑜𝑛 𝑐𝑜𝑒𝑓𝑓 𝑠 − 𝑝𝑜𝑙𝑎𝑟𝑖𝑠𝑒𝑑 =  𝑡𝑠 =  
2𝑛1 cos 𝜃𝑖

𝑛1 cos 𝜃𝑖 + 𝑛2 cos 𝜃𝑡
 

(3.7) 

 

𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓 𝑝 − 𝑝𝑜𝑙𝑎𝑟𝑖𝑠𝑒𝑑 =  𝑟𝑝 =  
𝑛2 cos 𝜃𝑖 − 𝑛1 cos 𝜃𝑡

𝑛2 cos 𝜃𝑖 + 𝑛1 cos 𝜃𝑡
 

(3.8) 

 

𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑜𝑛 𝑐𝑜𝑒𝑓𝑓 𝑝 − 𝑝𝑜𝑙𝑎𝑟𝑖𝑠𝑒𝑑 =  𝑡𝑝 =  
2𝑛1 cos 𝜃𝑖

𝑛2 cos 𝜃𝑖 + 𝑛1 cos 𝜃𝑡
 

(3.9) 

where 𝑛1 and 𝑛2 are the refractive indices of medium 1 and medium 2 respectively, 

𝜃𝑖 is the angle of incidence and 𝜃𝑡 is the angle of transmission, determined by Snell’s Law 

𝑛1 sin 𝜃𝑖 = 𝑛2 sin 𝜃𝑡   

It is important to note at this juncture that the direction of reflection considered thus far is for a 

bistatic radar case where the reflected signal travels in a different direction from the 

transmitted signal. For this research, a monostatic radar system will be employed in the 

analysis. It is crucial to also note that in addition to reflections off interfaces, there are several 

other responses that might be detected by the receiver and are unwanted or not needed. They 

include air wave such as coherent noise, Rayleigh wave which propagates along the surface 

of the earth, refraction as well as multiple reflections off these surfaces. How to reduce the 

impact of some of these sources of noise have been investigated and will be discussed as we 

progress.     
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3.4. Propagation Over a Reflecting Surface  

The free space propagation equations apply only under restricted conditions. However, in 

practical situations, there are almost always obstructions in or near the propagation path or 

surfaces from which the radio waves can be reflected. The received signal to our monostatic 

radar will just be the ground-reflected wave (and back-scatter), while it will be a combination 

of both direct and ground reflected waves as well as back-scatter for a bistatic radar. To 

determine the resultant in this case, the reflection coefficient must be obtained. The amplitude 

and phase of the ground reflected wave depends on the reflection coefficient of the earth at 

the point of reflection and differs for both horizontal and vertical polarisations [86].  

Free space propagation can occur for some remote sensing systems under ideal conditions. 

However, for most remote sensing applications, signal propagation is influenced by 

environmental factors such as the earth’s surface, atmospheric conditions, the ionosphere and 

hydrometeors like rain, snow, and hail. These factors modify the propagation of 

electromagnetic waves and can introduce signal degradation, attenuation and scattering 

effects. The impact of the natural environment on signal propagation is highly dependent on 

the frequency band used (e.g. L-band, C-band, X-band), the spatial resolution and geometry 

of the sensing system, and the altitude of the platform. Evaluating a proposed radar remote 

sensing system must consider these propagation effects to ensure accurate data acquisition 

and reliable performance under diverse environmental conditions. The goal is to maintain an 

adequate signal-to-noise ratio (SNR) and minimise data loss or errors due to adverse 

propagation. By accounting for atmospheric attenuation, ionospheric dispersion, and surface 

reflectivity, remote sensing systems can reduce outages and ensure continuous monitoring 

with minimal disruption. The performance of a radar system can generally be predicted on the 

basis of the assumed typical characteristics for the propagation path [86]. At very high 

frequencies (≥ GHz range), attenuation and scatter by rain and atmospheric gases, 

predominantly water vapour, should also be considered. In addition, the scattering and 

diffraction of radio waves by hills, buildings and trees is also much more pronounced at these 
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higher frequencies. The propagation phenomena of importance at very high frequencies are 

those associated with interference effects from back reflections.  

We will now look at the reflection coefficient of the earth for both horizontally and vertically 

polarised waves incident on the earth’s surface. Since the earth is neither a perfect conductor 

nor a perfect dielectric, the reflection coefficient therefore depends on the ground constants 

[86] which include the dielectric constant ∈ and the conductivity 𝜎. For a horizontally polarised 

wave incident on the surface of the earth (assumed to be perfectly smooth), the reflection 

coefficient is given by Equation 3.10 below as [86]:  

𝑝ℎ =
sin 𝜑 − √(∈

∈0
⁄ −

𝑗𝜎
𝜔 ∈0

⁄ ) − 𝑐𝑜𝑠2𝜑

sin 𝜑 + √(∈
∈0

⁄ −
𝑗𝜎

𝜔 ∈0
⁄ ) − 𝑐𝑜𝑠2𝜑

 

(3.10) 

where 𝜔 is the angular frequency of the transmission and ∈0 is the dielectric constant of free 

space. Writing ∈𝑟 as the relative dielectric constant of the earth yields Equation 3.11 below:  

𝑝ℎ =
sin 𝜑 − √(∈𝑟− 𝑗𝑥) − 𝑐𝑜𝑠2𝜑

sin 𝜑 + √(∈𝑟− 𝑗𝑥) − 𝑐𝑜𝑠2𝜑
 

(3.11) 

 

where 𝑥 =  
𝜎

𝜔∈0
=  

18 𝑥 109𝜎

𝑓
  

For vertical polarisation, the corresponding expression is given by Equation 3.12 below as:  

𝑝𝑣 =
(∈𝑟− 𝑗𝑥)sin 𝜑 − √(∈𝑟− 𝑗𝑥) − 𝑐𝑜𝑠2𝜑

(∈𝑟− 𝑗𝑥)sin 𝜑 + √(∈𝑟− 𝑗𝑥) − 𝑐𝑜𝑠2𝜑
 

(3.12) 

 

The reflection coefficients 𝑝ℎ and 𝑝𝑣  are complex, so the reflected wave will differ from the 

incident wave in both magnitude and phase. For 𝑝ℎ, the relative phase of the incident and 
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reflected waves is nearly 180° for all angles of incidence. For very small angles of 𝜑 (near 

grazing incidence), the equation for 𝑝ℎ also shows that the reflected wave is equal in 

magnitude and 180° out of phase with the incident wave for all frequencies and all ground 

conductivities [86] as shown in Equation 3.13 below:  

𝑝ℎ = 𝑝ℎ𝑒𝑗𝜃 = 1𝑒𝑗𝜋 = −1 (3.13) 

As angle of incidence is increased, then 𝑝ℎ and θ change by small amounts. The change is 

greatest at higher frequencies and when ground conductivity 𝜎 is poor. For vertical 

polarisation, Equation 3.14 still applies at grazing incidence.  

𝑝𝑣 = 𝑝𝑣𝑒𝑗𝜃 = 1𝑒𝑗𝜋 = −1 (3.14) 

However, as 𝜑 is increased, substantial differences appear. The magnitude and relative 

phase of the reflected wave decrease rapidly as 𝜑 increases. At pseudo-Brewster angle, the 

magnitude becomes a minimum and the phase reaches -90°. At values of 𝜑 greater than the 

Brewster’s angle, 𝑝𝑣  increases again and the phase tends towards zero. The conductivity 𝜎 

and dielectric constant ∈ is much higher for flat good ground as compared to poorer and dry 

grounds found in mountainous areas [86]. For instance, the conductivity for a flat prairie land 

is around 0.01 S/m with the conductivity values much lower for mountainous regions [86]. The 

dielectric constant ∈𝑟 is smaller around 6 or 7 for soil with poor conductivity, while it increases 

up to about 30 for soil with high conductivity. The behaviour of the reflection coefficient as a 

function of the grazing angle 𝜑 has been modelled for both vertical and horizontal 

polarisations using ∈𝑟 as 15 and 𝜑 as 0.01 S/m and at various frequencies. For a perfectly 

conducting surface, the reflection coefficient will be equal to 1 for vertical polarisation. As the 

frequency increases, the effect of a finite ground conductivity decreases. Therefore, for 
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microwave and millimetre wave frequencies where my radar operates, the ground will behave 

very nearly like a dielectric medium. Whenever the point of reflection occurs over a rough 

surface, the field is scattered in a more diffuse manner. Operating at microwave and millimetre 

wave frequencies is ideal because it provides high-resolution detection, improved surface and 

subsurface interaction, reduced ground conductivity effects, and enhanced scattering 

properties – all of which are essential for accurately characterising soil conditions and 

detecting pipeline leaks or other anomalies in the research. The specular reflected component 

as well as the reflection coefficient is reduced in value. A measure of the height of the surface 

irregularities that constitutes a “rough surface” may be obtained by considering the effective 

wavelength of the incident wave in the direction perpendicular to the surface. At longer 

wavelengths, most surfaces appear smooth, while at microwave frequencies, most surfaces 

will be rough and the reflection coefficient will be smaller than that given by Fresnel formula 

[86]. In addition to the above, it is also pertinent to note the effect of the decrease in the index 

of refraction of the atmosphere with height above the surface. During this research, we have 

considered how the reflection characteristics of our radar signal varies with frequency, 

conductivity, permittivity, incidence angle and other dielectric constants in varied degrees of 

rough surfaces and this shall be elucidated upon as we progress.   

3.5. Rayleigh Roughness Criterion  

At this juncture, we will look at the Rayleigh roughness criterion which theoretically gives a 

guideline about what constitutes a smooth or rough surface. The radar equation for free space 

obtained in Equation 2.1 must obviously be modified to include propagation losses caused by 

the atmosphere and the earth. When an EM wave encounters a surface, the nature of 

reflection depends on the surface roughness relative to the wavelength of the incident wave.  

The EM waves that bounce from perfectly smooth flat surface are said to be specularly 

reflected and the angles of incidence and reflection are the same. The magnitude and phase 

changes due to specular reflections are governed by the dielectric properties of the interface 

surface and the incidence angle and are determined by Fresnel equations. Specular 
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reflections can also occur even if surface irregularities exist. This means that a surface does 

not need to be perfectly smooth for specular reflection to occur. The practical implication of 

this is that in real-world scenarios, surfaces such as wet soil may still produce strong specular 

reflections even if they have some minor texture or irregularities. This means that Fresnel 

equations can still be used to describe the reflection behaviour if the surface roughness does 

not exceed a critical threshold relative to the wavelength. The Rayleigh roughness criterion is 

a guideline for deciding whether or not a surface is sufficiently smooth for providing specular 

reflections [86]. Surfaces can be classified as smooth (specular reflection) where the wave 

reflects in a single direction, preserving phase and coherence; they can also be classified as 

rough (diffuse scattering) where the wave is scattered in multiple directions, leading to 

phase randomness; and they can also be classified as intermediate (mixed reflection and 

scattering) which is a combination of specular reflection and diffuse scattering. The transition 

between these categories is governed by the Rayleigh Roughness Criterion which provides a 

theoretical guidance for defining whether a surface behaves as smooth or rough in the EM 

sense.     

To provide a qualitative indication of surface roughness, i.e. how smooth or rough in the EM 

sense a surface is, Lord Rayleigh [85], [86] considered a surface to be smooth if, according to 

Equation 3.15  

∆ℎ sin 𝜃 <
𝜆

8
 

(3.15) 

where 𝜃 is the grazing angle between the incident EM waves and a plane surface representing 

the average of the irregularities, ∆ℎ is the range of height differences on a reflecting surface, 

and 𝜆 is the wavelength.  

Obviously, most surfaces are neither perfectly smooth nor rough. Whether a surface is smooth 

or rough depends on the incidence angle and the radar wavelength as well as its physical 

features. For a rough surface, it is generally agreed [85], [86] as shown in Equation 3.16 that,  
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𝜎ℎ sin 𝜃 ≥
𝜆

8
 

(3.16) 

 

where 𝜎ℎ is the standard deviation of the surface height distribution.  

3.6. Reflection Coefficient for a Flat Smooth Earth 

The reflections from a smooth earth can be determined from Fresnel’s equations [86]. The 

magnitude and phase of the reflection coefficient depends on frequency, polarisation, angle 

of incidence and the electromagnetic properties of the earth such as complex permittivity, 

conductivity and permeability. The dielectric constant of a material is represented by its 

complex permittivity ∈𝑐 which accounts for both energy storage and energy loss in an 

electromagnetic field. It is expressed as ∈𝑐= ∈′− 𝑗 ∈′′ where ∈′ which is the real part 

represents the permittivity and ∈′′ which is the imaginary part is related to the conductivity of 

the material. Thus, the complex permittivity governs both the reflection and attenuation of EM 

waves, influencing how signals interact with the earth’s surface.   

The reflection coefficients for vertical and horizontal polarisations are given by Fresnel’s 

equations and written as Equations 3.17 and 3.18 below for both vertical and horizontal 

polarisations as:  

Ґ𝑣 =
∈ sin 𝜑 − √∈ −𝑐𝑜𝑠2𝜑

∈ sin 𝜑 + √∈ −𝑐𝑜𝑠2𝜑
= 𝜌𝑣𝑒−𝑗∅𝑉  

(3.17) 

  

Ґℎ =
sin 𝜑 − √∈ −𝑐𝑜𝑠2𝜑

sin 𝜑 + √∈ −𝑐𝑜𝑠2𝜑
= 𝜌ℎ𝑒−𝑗∅𝐻  

(3.18) 
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where 𝜑 is the grazing angle, ∈ = ∈′− 𝑗 ∈′′, ∈′=
𝑘

∈0
 , k is the permittivity and ∈′′=

𝜎

𝜔∈0
=

18∗109𝜎

𝑓
   At normal incidence, 𝜑 =

𝜋

2
 and the two polarisations thus become identical as 

shown in Equations 3.19 and 3.20 thus:  

Ґℎ =
1 − √∈

1 + √∈
 

(3.19) 

Ґ𝑣 =
∈ −√∈

∈ +√∈
= −Ґℎ 

(3.20) 

A minus sign is an indication that the true field is reversed compared to the assumed field, Ґℎ 

and Ґ𝑣 must differ in sign if the reflected fields have the same phase. As this thesis 

progresses, plots of magnitude and phase of the reflection coefficient versus the wavelength 

and grazing angle have been analysed and will be discussed. In addition, the reflecting 

properties for horizontal and vertical polarisations have also been thoroughly investigated.   

Now, we will look at the magnitude and phase of the reflection coefficient for moist soil, dry 

soil, average land, and sea water just to understand and analyse the radar reflectivity in those 

media. Average land generally refers to a typical or representative soil type that falls between 

dry soil and moist soil in terms of its dielectric properties, conductivity, and permittivity. In most 

applications, the exact dielectric values for this land vary depending on location, climate and 

soil composition. The parameters for the model of the radar reflectivity for these different soil 

types are given in Table 3.2 [77], [85], [86], [97], [98] and reproduced from this textbook [86].   

Table 3.2: Parameters for radar reflectivity model for varied ground types 

Medium  λ(m)  𝝈 (S/m) ∈′ ∈′′ Freq 

(GHz) 

 Sea water  0.01 – 10  3.9 - 9.5  76 5.7 – 2340  0.03 – 30  

Average land  0.1 0.0016 10 0.0094 3.0 

 Moist ground  0.1 0.01 30 0.06 3.0 

Dry ground  0.1 0.0001 4 0.0006 3.0 
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Figure 3.2 shows the magnitude of the reflection coefficient for seawater (at 10°C) as a 

function of grazing angle.  

 

Figure 3.2: Magnitude of the reflection coefficient for sea water  

The graph depicts major differences between the reflecting properties for horizontal and 

vertical polarisations. The lower the frequency of the radar signal, the higher the reflectivity 

and vice versa for the magnitude of the reflection coefficient. For horizontal polarisation, there 

is only a slight variation in magnitude with grazing angle, while there is a huge variation in 

magnitude with grazing angle for the vertical polarisation. In addition, for vertical polarisation, 

𝜌𝑣 reaches its maximum value and the phase lag is 90° at the incidence angle which is 

sometimes called the pseudo-Brewster angle. The Brewster angle is where 𝜌𝑣 would be zero 

for a lossless dielectric [86].  

Figure 3.3 shows the magnitude of the reflection coefficient for average land as a function of 

grazing angle with the parameters highlighted in Table 4.2 [86], [97], [98].  
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Figure 3.3: Magnitude of the reflection coefficient for average land 

 

Although the dielectric properties of water and land depend on incidence angle and 

wavelength, for many purposes, the magnitude and phase of the horizontal polarisation can 

be approximated by unity and pi respectively. For very small grazing angles, the magnitude  

and phase for the vertical polarisation are also nearly unity and pi respectively. For large 

grazing angles, the ∅𝑉  approaches zero. These characteristic behaviours for smooth surfaces 

play significant roles in the echo strengths from radar targets for cases of small grazing angles, 

even under conditions for which the land or water surface is physically rough. Figures 3.4 and 

3.5 show the magnitude for moist and dry soil respectively.  
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Figure 3.4: Magnitude of the reflection coefficient for moist ground 

 

Figure 3.5: Magnitude of the reflection coefficient for dry soil  
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3.7. Reflections from a Rough Earth  

Now to analyse the reflections from a rough earth, it is expedient to note that the EM field 

scattered by a rough surface is the sum of two components. The two components are the 

specular (reflected) component and the diffuse (scatter) component [85], [86]. For specular 

reflections, the angle of incidence and the angle of reflection are equal, however, diffuse 

scattering can occur in any direction relative to the incident EM field. A specularly reflected 

component is a coherent field having amplitude and phase that can be described as a function 

of position. Conversely, the amplitude and phase of a diffusely scattered field are 

unpredictable and are random functions of position. A diffusely scattered field added to a 

coherent field will produce a total field that varies randomly as a function of position.  

The magnitude 𝑅𝑠 which is a specular reflection coefficient of the earth is a product of three 

factors – 𝑅𝑠 = 𝜌𝐷𝑓𝑌𝑠  where the magnitude 𝜌 is the reflection coefficient of a smooth, flat 

surface, the divergence factor 𝐷𝑓 describes the reduction in reflection caused by the earth’s 

curvature and the specular scattering coefficient 𝑌𝒔 expresses the fractional reduction in field 

strength caused by surface roughness [86]. Both 𝐷𝑓 and 𝑌𝑠 can be between 1 and 0. 𝐷𝑓 is 1 

for the radar geometry is such that the earth can be assumed to be flat. 𝑌𝒔 is 1 for a perfectly 

smooth surface and decreases with increases in surface roughness [85], [86], [97], [98].   

From the foregoing, there are practical implications for the radar system. At microwave and 

millimetre-wave frequencies, most natural surfaces are rough, leading to a combination of 

specular and diffuse scattering. Wet soil may still behave as a specular reflector despite minor 

roughness due to high dielectric contrast. Radar performance is affected by roughness since 

increased scattering can lead to signal dispersion and reduced coherence. In terms of 

motivation behind the frequency used, operating at microwave and mmWave frequencies 

provides high-resolution detection as well as improved surface and subsurface interaction 

which is essential for accurately detecting leaks and spills from pipeline networks 
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3.8. Model of a Rough Surface  

To start to consider a rough surface model, it is important to also understand some features 

about soil moisture and surface roughness. Theoretical data indicate that the reflectivity of a 

radar signal is dependent on soil roughness and radar parameters in various complex ways 

[85], [86]. Within certain terrain and operational constraints, radar images can be strongly 

dependent on soil moisture [87], [92], [99]. In some instances, because of the permittivity of 

oil, soil with oil would have a higher reflectivity than soil without oil. However, in some other 

instances, the reverse could be the case. The ability to fully appreciate and understand radar 

reflectivity in varied soil types that have oil content and some that do not have oil content has 

been explored and fully investigated in this research. This will go a long way in the effective 

remote monitoring of pipeline infrastructure in the detection of oil leaks and spills. Meanwhile, 

as this research progresses, the effects of various surface characteristics, terrain structure 

and emerging techniques have also been thoroughly investigated and would be discussed.  

Before we look at the model of a random surface with average height deviations, it is pertinent 

to understand that models for scattering from rough surfaces can be broadly categorised into 

empirical models, theoretical models and a combination of the two [83], [85], [88]. Theoretical 

models though complex can yield a significant understanding of the interaction between the 

EM waves and the soil. Analytical models include the Kirchhoff Approximation (KA), Small 

Perturbation Method (SPM), and the Integral Equation Method (IEM) [87], [88], [99].  

The basic laws of electromagnetism are given by Maxwell’s equations (Equations 3.16 – 3.19) 

which for a linear, homogenous, isotropic, stationary and non-dispersive media [83] are written 

below as:  

∇ ∗ 𝐸 = −
𝜕𝐵

𝜕𝑡
 

(3.16) 

∇ ∗ 𝐻 =
𝜕𝐵

𝜕𝑡
+ 𝐽𝑐 + 𝐽𝑖  

(3.17) 

∇ ∗ 𝐷 = 𝜌 (3.18) 
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∇ ∗ 𝐵 = 0 (3.19) 

 

where E is the electric field vector, D is the electric flux density, H is the magnetic field vector, 

B is the magnetic flux density, 𝐽𝑐 is the conduction electric current density, 𝐽𝑖  is the impressed 

electric current density and 𝜌 is the electric charge density.  

In rough surface scattering, the surface enters in the boundary conditions which must be 

supplied at infinity. If we consider time-harmonic variation of the EM field, the instantaneous 

field vectors can be related to their complex forms, therefore Maxwell’s equations in Equations 

3.16 - 3.19 now become Equations 3.20 – 3.23 as highlighted below:  

∇ ∗ 𝐸 = −𝑗𝜔𝜇𝐻 (3.20) 

∇ ∗ 𝐻 = (𝜎 + 𝑗𝜔𝜀)𝐸 + 𝐽𝑖 ≡ 𝑗𝜔𝜀𝑐𝐸 + 𝐽𝑖  (3.21) 

∇. 𝜀𝐸 = 𝜌 (3.22) 

∇. 𝜇𝐻 = 0 (3.23) 

where we assumed the region characterised by permeability 𝜇, permittivity 𝜀, and conductivity 

𝜎 for a lossy medium. To obtain the governing equation for the electric field, we take the curl 

of Equation 3.20 and then replace Equation 3.21, which results in Equation 3.24 below:  

∇ ∗ ∇ ∗ 𝐸 + 𝜔2𝜇𝜀𝑐𝐸 = 𝑗𝜔𝜇𝐽𝑖𝐻 (3.24) 

which is known as the inhomogenous Helmholtz vector wave equation. In a free source region,  

∇. 𝐸 = 0 and Equation 3.24 above simplifies to ∇2𝐸 + 𝜔2𝜇𝜀𝑐𝐸 = 0.  The generation and 

modelling of the rough surface would be extensively discussed in Section 3.10.  

3.9. Scattering Problems and EM Fields  

Consider an EM plane wave incident on a rough soil surface as shown in Figure 3.6.  

 

 



68 
 

 

 

 

 

Figure 3.6: Scattering of EM field on Soil Surface  

Across any surface interface, the EM field should satisfy continuity conditions given by 

Equations 3.25 – 3.28 below:    

𝑛̂ ∗ (𝐸 − 𝐸1) = 0 (3.25) 

𝑛̂ ∗ (𝐻 − 𝐻1) = 𝐽𝑠 (3.26) 

𝑛̂ ∗ (𝜀𝐸 − 𝜀1𝐸1) = 𝜌𝑠 (3.27) 

𝑛̂ ∗ (𝜀𝐻 − 𝜀1𝐻1) = 0 (3.28) 

where 𝑛̂ is unit normal vector of the rough surface. The electric surface current density 𝐽𝑠 and 

the charge surface density 𝜌𝑠, at the rough interface are zero unless the scattering surface is 

a perfect conductor.  

When an EM wave encounters a boundary between two homogenous media, surface 

scattering occurs at the interface. This scenario is classified as a surface scattering problem 

[84], [87], [88], [92], [100]. In contrast, for inhomogeneous media, volume scattering must also 

be considered. Since bare soil is assumed to be a homogenous medium, only surface 

scattering is analysed. If the boundary surface is perfectly smooth, reflection occurs in the 

specular direction as described by Fresnel equations. However, when the surface is rough, 

the incident wave is partially reflected in the specular direction and partially scattered in 

multiple directions. Qualitatively, the relationship between surface roughness and surface 

scattering is illustrated in Figure 3.7 below.  

  

 

Soil surface  
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 (a) specular    (b) slightly rough   (c) very rough  

Figure 3.7: Relative contributions of coherent and diffuse scattering 

components for different surface roughness conditions (a) specular (b) slightly 

rough (c) very rough  

For a perfectly smooth surface, the reflected wave’s angular radiation pattern is a delta 

function centred around the specular direction as shown in Fig. 3.7a. When the surface is 

slightly rough surface, the reflection consists of two components: a coherent (specular) 

component and a diffuse (incoherent) component which is a scattered field distributed in 

various directions as shown in Fig. 3.7b. As surface roughness increases, the coherent 

component weakens and the diffuse component dominates, making the surface appear fully 

rough as shown in Fig. 3.7c. The coherent component represents the mean scattered field, 

while the diffuse component has a stochastic nature due to surface randomness [83].  

Surface roughness is measured using two approaches: experimental methods which utilise 

contact or laser probes to reproduce surface profiles and theoretical estimation which 

derives roughness by relating scattering measurements to surface features. Scattering studies 

rely on random rough surface models where surface elevation is treated as a stationary 

random process with a Gaussian height distribution [100], [101]. The degree of roughness 

depends on the wavelength, meaning a surface that appears rough at optical frequencies may 

appear smooth at microwave frequencies. The two key statistical parameters used in rough 

surface modelling are: Root Mean Square (RMS) height which represents surface height 

variations and the Surface correlation length which defines the spatial extent of roughness. 

These parameters are fundamental in 1D and 2D rough surface modelling and will be further 

analysed and discussed in latter sections.  
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3.10. Generation of Randomly Rough Isotropic Surfaces  

Surface roughness is a measure of the topographic height variations of a surface. Random 

rough surfaces in 1D and 2D have been generated with the rough surfaces having the 

distribution and auto-correlation functions as either Gaussian or exponential. The parameters 

for generation of these rough surfaces are highlighted in Table 3.3 and the plots shown 

thereafter.  

Table 3.3: Parameters for the generation of random rough surfaces  

Parameter   1 D surface 2 D surface  

Number of surface points (N)  1500  1500  

Length of surface (rL)  1 m, 10 m  1 m, 10 m  

rms height (h)  1 cm, 14 cm  1 cm, 14 cm  

Correlation length (cl)  1 cm, 12.5 cm  -  

Correlation length in x & y  -  1 cm, 12.5 cm  

Figures 3.8 – 3.10 show the plots for the generation of the 1D random rough surface including 

the height distribution function as well as the Gaussian and exponential auto correlation 

functions.  

(a) Plot Generation                               (b) Auto Correlation Function (ACF)  

Figure 3.8: 1D random rough surface (a) Plot (b)Auto Correlation Function 
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            (a). 1D rough surface generation            (b) Normalised auto correlation function   

Figure 3.9: 1D random rough surface (a) Generation (b)Normalised ACF 

(a) Histogram of the 1D height dist. Func.        (b) Plot of the 1D Gaussian height dist. Fun  

Figure 3.10: a) Histogram of the height distribution function (b) Plot of the 

height distribution function 

In Figure 3.8, the rough surface shows a faster decay in autocorrelation, meaning height 

variations are more random and less predictable over distance as a result of the Gaussian 
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auto correlation function applied in the simulation and analysis. In Figure 3.9 where the 

exponential auto correlation function is applied, the rough surface has a slower decay in 

autocorrelation, suggesting that surface variations have more extended correlation and 

continuity. The implications for EM wave scattering are that surfaces with rapidly varying 

roughness (Fig. 3.8) will cause more diffuse scattering and less coherent reflection while 

surfaces with longer correlated roughness (Fig. 3.9) will retain more coherent reflection at 

certain incident angles. For pipeline monitoring, understanding roughness helps optimise 

radar frequency selection and signal processing techniques to distinguish between different 

soil conditions (e.g. dry soil vs oil-contaminated soil)    

Figures 3.11 – 3.13 show the plots for the generation of the 2D random rough surface including 

the height distribution function as well as the Gaussian and exponential auto correlation 

functions.  

(a) 2D surface with Gaussian auto corr. Func  (b) 2D surface with Exp. auto corr. Func  

Figure 3.11: 2D rough surface with (a) Gaussian autocorrelation function (b) 

Exponential autocorrelation function 
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(a) Histogram of the height distribution Func.           (b) Plot of the 2D height distribution func.   

Figure 3.12: 2D rough surface with (a) histogram of the height distribution 

function (b) plot of the height distribution function 

 

(a) Average normalised 2D Gaussian autocorrelation function in x and y direction  
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(b) Average normalised 2D exponential autocorrelation function in x and y direction  

Figure 3.13: (a) average normalised 2D Gaussian autocorrelation function 

(b)average normalised 2D exponential autocorrelation function  

 

Figure 3.14 shows the graphs for artificial randomly rough isotropic surfaces with different 

levels of roughness. The roughness exponent for Fig. 3.14a is 0.8 which makes it rougher 

than that of Fig. 3.14b. which is 0.7. The roughness exponent is a statistical parameter that 

quantifies the smoothness or roughness of a surface in relation to its spatial variations. It 

describes how surface height fluctuations correlate over distance and typically varies between 

0 and 1. It basically helps in understanding how a surface will scatter EM waves. Figure 3.14 

also shows the generated surface height profile of the randomly rough surface.  
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(a) Hurst exponent of 0.8      (b) Hurst exponent of 0.7  

Figure 3.14: Rough surface (a) Hurst exponent of 0.8 (b) Hurst exponent of 0.7 

The statistical constants for the generated 1D and 2D rough surface models were investigated 

to ensure the accuracy and correctness of the model. Some of these statistical constants 

include the rms height, correlation lengths etc. Table 3.4 shows that on comparison with the 

statistical constants earlier provided in Table 3.3, the values obtained from simulation closely 

match the predefined values in Table 3.3. This consistency confirms that the simulation results 

align with the expected statistical parameters, indicating that the model is accurate and 

reliable. Furthermore, the autocorrelation function derived from the power spectral density 

confirms that the correlation length and other statistical parameters align with expectations, 

reinforcing the model’s reliability and correctness. However, it was not possible to increase 

the number of surface points beyond 5000 due to computational challenges. But for all the 

number of surface points considered, the values of the statistical constants were like the 

predicted values for both 1D and 2D rough surfaces and both auto correlation functions.  

Table 3.4: showing the correct comparison of values of the predicted 

statistical constants earlier described in Table 3.3   

N (no.)  h (m) 1D  h(m) 2D clx & cly (m)   Cor len. (1D) 

1500 0.0101 0.1418 0.1234 0.0097 

3000  0.0098  0.1407  0.1301  0.0108  

4500  0.0102  0.1390  0.1234  0.0110  

5000  0.0100  0.1415  0.1230  0.0111 



76 
 

To further investigate that the rough surface model does what it says it does, the 

autocorrelation has been generated from the power spectral density (PSD) for the 1D and 2D 

surfaces, from which the correlation length and the statistical parameters have been obtained. 

Various dielectric constants have been introduced into our rough surface models and these 

and many more will be extensively discussed in the next chapters of this thesis. Furthermore, 

the rough surface has been modelled in CST software. Much later, the model will be 

incorporated with a chirp signal as part of a radar signal processing system. Distributed and 

back scattering from the rough surface model has also been investigated and this will be 

intensively analysed in this thesis. Finally, how the correlation length also varies in literature 

for various soil types has been analysed as well as investigated and this has also been applied 

to the rough surface model. All these and more would be addressed in subsequent chapters.   

3.11. Summary  

In this chapter, the model of a randomly rough surface was first extensively discussed and 

then generated in MATLAB. To achieve and understand this, the properties of EM waves in 

various dielectric materials were thoroughly investigated and analysed. The mechanism of 

reflection and transmission from surfaces was also analysed extensively and thoroughly 

investigated. How electromagnetic waves propagate over a reflecting surface was also 

discussed as well as its implications for a rough surface. By so doing, the Rayleigh roughness 

criterion was examined and further analysed as well as the criteria in determining or 

ascertaining the differences between a smooth and a rough surface. Some simulations were 

also conducted to investigate the reflection coefficient for different earth surfaces ranging from 

a rough earth to a flat smooth earth. The results were also analysed and thoroughly discussed 

in addition to the implications for the detection of oil leaks in rough surfaces like soil surfaces. 

Finally, after the rough model was created, the predicted statistical constants such as the 

correlation lengths, rms height of the rough surface model etc, tallied with the same 

parameters defined prior to the model being created.  
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Chapter 4. SIMULATION RESULTS AND 

ANALYSIS OF A ROUGH SURFACE MODEL  
    

A rough surface model, representative of various soil surfaces where pipeline networks are 

typically laid was developed using MATLAB and subsequently imported into CST for RCS and 

reflectivity analysis under different dielectric properties and parameters. The validity of this 

model was evaluated through simulations involving diverse soil samples with varying dielectric 

properties. These simulations examined the influence of oil and other dielectric materials (like 

PEC, and the varied soil types - dry sandy soil, wet sandy soil – since each of these materials 

has a distinct dielectric constant that influences how EM waves interact with the surface) on 

the reflectivity and RCS characteristics of different soil types, presenting these effects for the 

first time.  

A detailed analysis of key measurement parameters, their implications and their relationships 

with dielectric constants is conducted. Following this, an experimental investigation and 

verification of the RCS analysis were carried out, with the results discussed in latter sections 

of this thesis. The study involves an in-depth discussion of the simulation results of the rough 

surface model in CST, evaluating both lossless and lossy materials with different dielectric 

properties.  

To validate the model further, an experimental equivalent of the rough surface model will be 

developed and tested in a controlled environment using radar instruments. The results from 

these experiments will be analysed and compared with the simulation outcomes to assess the 

accuracy and reliability of the model. The measured performance of the developed model is 

then compared with the specific requirements of the oil and gas industry, ensuring its 

applicability in remote pipeline monitoring for oil leak and spill detection. The key findings and 

results from this research are currently undergoing intensive reviews and will be presented 

and published once the evaluation process is complete.   
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4.1. Theoretical and Analytical Development of a Rough Surface Model  

Surface roughness quantifies the topographic height variations of a surface. To develop a 

robust rough surface model, it is essential to understand the interaction between soil moisture 

and surface roughness. Under certain operational and terrain conditions, radar images can be 

significantly influenced by soil moisture [87], [92], [99].  

This thesis explores and thoroughly investigates radar reflectivity across different soil types, 

distinguishing between oil-contaminated and non-contaminated soils. These insights 

contribute significantly to the effective remote monitoring of pipeline infrastructure for detecting 

oil leaks and spills. Furthermore, this research examines the effects of soil surface 

characteristics, terrain structure, and emerging techniques, providing a comprehensive 

understanding of their impact on radar-based detection systems. These findings will be 

detailed in subsequent sections of this thesis.  

Now let us delve deeper into the mathematical models of a random rough surface with average 

height deviations. Random rough surfaces are usually characterised using terms from 

probability theory such as the height distribution function (hdf), or the statistical moments of 

mean, variance (or rms height) etc. The surface variation in the lateral directions is described 

by the autocorrelation function (acf) which describes the correlation of the surface with 

traditionally shifted versions, where the correlation length is the typical distance between two 

similar features (e.g. hills or valleys) [84]. These essential parameters, amongst others have 

been utilised in the rough surface model that has been developed for both 1D and 2D surfaces.  

For the generation of a 1D random rough surface with Gaussian height distribution function 

(hdf), a Gaussian or an exponential autocorrelation function (acf) could be applied to the 1D 

rough surface model. The input parameters to the model are the number of surface points or 

number of samples denoted by N, length of surface denoted by rL, the rms height denoted by 

h, and the correlation length denoted by cl. The uncorrelated Gaussian random rough surface 
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distribution with a mean of 0 and standard deviation or rms height h is denoted by Z and given 

by Equation 4.1 as:  

𝑍 = ℎ ∗ 𝑟𝑎𝑛𝑑𝑛(1, 𝑁) (4.1) 

The Gaussian filter applied to the model is denoted by GauF and given by Equation 4.2 as:  

𝐺𝑎𝑢𝐹 = 𝑒
(−𝑥2

𝑐𝑙2

2⁄
⁄ )

 

(4.2) 

where 𝑥 ∈ [0, 𝑟𝐿, 𝑁] is the output of the surface points.  

To obtain the output of the surface heights denoted by f(x), the fast Fourier transforms (FFTs) 

of the uncorrelated Gaussian random rough surface (Z) and the Gaussian filter must be 

obtained at first. Therefore, applying FFT to Equation 4.1 and Equation 4.2 results in Equation 

4.3 and Equation 4.4 respectively as:  

𝑍𝑘 = ∑ 𝑍𝑛

𝑁

𝑛=1

𝑒
−𝑗2𝜋𝑘𝑛

𝑁⁄   ,   𝑘 = 1, … 𝑁 

(4.3) 

𝐹𝑘 = ∑ 𝐹𝑛

𝑁

𝑛=1

𝑒
−𝑗2𝜋𝑘𝑛

𝑁⁄ ,       𝑘 = 1, … 𝑁 

(4.4) 

 

Now, when the Inverse Fast Fourier transform (IFFT) is applied to a convolution of the filter 

and the surface, in addition to other normalising prefactors, the output of the correlation of the 

surface is therefore given by Equation 4.5 below as:  

𝑓(𝑥) = √2
√𝜋

⁄ ∗ √𝑟𝐿
𝑁 ∗ 𝑐𝑙⁄ ∗ 𝐹−1{𝑍𝑘.∗ 𝐹𝑘} 

(4.5) 

 

The plots for the Gaussian 1D filter, the uncorrelated 1D rough surface, the convolution of the 

filter and the surface, the IFFT of this convolution of the filter and the surface as well as the 

subsequent generation of the correlated 1D random rough surface are shown in Figure 4.1.  
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(a) Gaussian Filter for a 1D surface              (b) FFT of 1D Gaussian filter - linear  

(c) Uncorrelated Gaussian 1D surface    (d) FFT of Uncorrelated 1D surface  

Please note that the parameters for the generation of these plots as well as the subsequent 

rough surfaces are highlighted in Table 4.1 and these parameters will be used for all plots 

(both 1D and 2D rough surfaces) going forward unless otherwise stated.  



81 
 

Table 4.1: Parameters for the generation of random rough surfaces 

Parameter   1 D surface 2 D surface  
Number of surface points (N)  1500  1500  

Length of surface (rL)  10 m  10 m  

rms height (h)  1cm, 14 cm  1cm, 14 cm  

Correlation length (cl)  1cm, 12.5 cm  -  

Correlation length in x & y  -    12.5 cm 

(e) Convolution of the filter & surface          (f) IFFT of Convolution filter & surface 

(g) Generated 1D random rough surface. 

Figure 4.1: (a) Gaussian filter for a 1D surface (b) FFT of 1D Gaussian filter (c) 

Uncorrelated Gaussian 1D surface (d) FFT of Uncorrelated 1 D surface 

(e)Convolution of the filter and surface (f) IFFT of the convolution of the filter 

and surface (g) Generated 1D random rough surface   
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In figure 4.1a, the Gaussian filter smoothens the roughness profile, thereby reducing high-

frequency variations. The FFT in figure 4.1b confirms that low frequencies are preserved while 

high frequencies are attenuated. Figure 4.1c is an uncorrelated gaussian rough surface with 

random height variations which closely models the surfaces pipelines are laid with irregular 

height variations. The FFT of the uncorrelated rough surface in Figure 4.1d shows a wide 

range of frequency components highlighting high-frequency roughness which has implications 

for RCS and reflectivity. The convolution in frequency domain which is shown in Figure 4.1e 

shows how the surface roughness interacts with the radar system’s filter, which invariably 

represents what happens when EM waves encounter dielectric interfaces or layered terrain. 

Figure 4.1f is the IFFT of the filtered surface profile which is the resulting terrain after applying 

radar system characteristics. Compared to the raw surface, this one is spectrally limited, 

meaning only certain roughness features will contribute to the observed RCS. Figure 4.1g is 

the random rough 1D surface which has been modelled to simulate scattering behaviour for 

the various dielectrics. The surface represents a spatial roughness spectrum that impacts RCS  

Please note that there is no marked difference in the generation of the plots for a 1D random 

rough surface when the surface has a Gaussian height distribution function and an exponential 

autocorrelation function. The major difference is in the exponential filter applied to the model, 

denoted by ExpF and given by Equation 4.6 as [102] 

𝐸𝑥𝑝𝐹 = 𝑒
(

−𝑎𝑏𝑠(𝑥)
𝑐𝑙

2⁄
⁄ )

 

(4.6) 

where 𝑥 ∈ [0, 𝑟𝐿, 𝑁] is the output of the surface points.  

For the generation of a square 2-dimensional (2D) random rough surface f (x, y) with N x N 

surface points and the surface has a Gaussian height distribution function, a Gaussian or an 

exponential autocorrelation function in both x and y (i.e. acfx and acfy) could be applied to the 

2D rough surface model. The input parameters to the 2D model are the number of surface 

points (along square side) denoted by N, length of the surface side denoted by rL, the rms 

height denoted by h, and the correlation lengths in x and y denoted by clx and cly respectively. 
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Omitting cly makes the surface isotropic. A Cartesian grid in 2D space of x, y called [X, Y] is 

formed where 𝑥 ∈ [0, 𝑟𝐿, 𝑁] is the output of the surface points in x and 𝑦 ∈ [0, 𝑟𝐿, 𝑁] is 

the output of the surface points in y respectively.  

The uncorrelated Gaussian random rough surface distribution with a mean of 0 and rms height 

h for a 2D surface is denoted by Z and given by Equation 4.7 below as:  

𝑍 = ℎ ∗ 𝑟𝑎𝑛𝑑𝑛(𝑁, 𝑁) (4.7) 

The Gaussian filter applied to the model is denoted by F and given by Equation 4.8 as:  

𝐹 = 𝑒
 {−(𝑋2

𝑐𝑙𝑥2

2⁄
⁄ +𝑌2

𝑐𝑙𝑦2

2⁄
⁄ )}

 

(4.8) 

To obtain the output of the surface heights denoted by f (x, y), the FFTs of the uncorrelated 

Gaussian random rough surface (Z) (in x and y axes) as well as the Gaussian filter (in both x 

and y axes) must be obtained at first. Therefore, applying FFT (in both dimensions i.e. fft2) to 

Equation 4.7 and Equation 4.8 results in Equation 4.9 and Equation 4.10 respectively as:  

𝑍𝑥,𝑦 = ∑ ∑ 𝑍𝑛,𝑛

𝑁

𝑛=1

𝑒
−𝑗2𝜋(𝑥,𝑦)𝑛,𝑛

𝑁,𝑁⁄

𝑁

𝑛=1

,   𝑥, 𝑦 = 1, … 𝑁 

(4.9) 

𝐹𝑥,𝑦 = ∑ ∑ 𝐹𝑛,𝑛

𝑁

𝑛=1

𝑒
−𝑗2𝜋(𝑥,𝑦)𝑛,𝑛

𝑁,𝑁⁄

𝑁

𝑛=1

,   𝑥, 𝑦 = 1, … 𝑁 

(4.10) 

 

Now, when the Inverse Fast Fourier transform is applied to a convolution of the filter and the 

surface in both axes i.e. x and y, in addition to other normalising prefactors, the output of the 

correlated generated surface is therefore given by Equation 4.11 below as:  

𝑓(𝑥, 𝑦) = 2
√𝜋

⁄ ∗ 𝑟𝐿
(𝑁 ∗ √𝑐𝑙𝑥 ∗ 𝑐𝑙𝑦)⁄ ∗ 𝐹−1{𝑍𝑥,𝑦 .∗ 𝐹𝑥,𝑦} 

(4.11) 

 



84 
 

The plots for the Gaussian filter for a 2D surface, the uncorrelated 2D rough surface, the 

convolution of the 2D filter and the surface, the IFFT of this convolution of the 2D filter and the 

surface as well as the subsequent generation of the correlated 2D random rough surface are 

shown in Figure 4.2.  

(a) Gaussian filter for a 2D Surface             (b) FFT of 2D Gaussian Filter (linear)  

 

(c) Surface roughness for a 2D Surface            (d) FFT of Surface roughness  
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(e) Convolution of the filter & surface   (f) IFFT of convolution of filter & surface 

 

(g) Generated 2D random rough surface  

Figure 4.2: (a) Gaussian filter for a 2D surface (b) FFT of 2D Gaussian filter (c) 

Surface roughness for a 2D surface (d) FFT of surface roughness 

(e)Convolution of the filter and surface (f) IFFT of the convolution of the filter 

and surface (g) Generated 2D random rough surface 
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In figure 4.2(b), the frequency response of the 2D Gaussian filter shows peaks at 0Hz and 

15GHz. A peak at 0 Hz is expected because a Gaussian function in the spatial domain is a 

low-pass filter, meaning most of its energy is concentrated at low frequencies. The peak at 15 

GHz likely corresponds to the highest frequency component retained before the signal 

attenuates. This suggests that 15 GHz represents the cutoff frequency or the highest 

frequency where the filter allows significant components to pass. Therefore, the peak at 0 Hz 

and 15 GHz suggest that the filter preserves low-frequency components while suppressing 

high frequencies beyond 15 GHz. The figure also suggests two frequency dimensions likely 

corresponding to the x- and y- directions in 2D space. In 2D Fourier Transform, we obtain a 

2D frequency spectrum with two independent frequency axes (e.g. fx and fy in Hz). Since the 

image shows symmetry, it indicates that the Gaussian filter was applied equally in both x and 

y spatial directions, resulting in identical frequency distributions along both axes. The two 

frequency axes represent spatial frequency components in the x- and y- directions, reflecting 

the filtering effect in both dimensions.  

Furthermore, the low height values (≈ - 0.4 and below) in figures 4.2(c) and 4.2(g) represent 

areas of minimal elevation in the random rough surface models. They indicate surface 

depressions in the roughness model. These values correspond to points where the simulated 

surface has valleys or depressions relative to the generated roughness profile. The negative 

height values represent depressions in the rough surface, akin to lower terrain points or dips 

in a real-world soil surface. Despite the Gaussian filtering process, some of these depressions 

persist, meaning that certain fine-scale roughness elements remain significant. The FFT 

transformation and filtering influence the final height distribution but retain the general 

roughness profile with both peaks and valleys    

To achieve adequate Gaussian statistics, it is important to use a ratio of 𝑟𝐿
𝑐𝑙⁄ ≥ 500 for a 1D 

surface and a ratio of 𝑟𝐿
𝑐𝑙⁄ ≥ 70 for a 2D surface, where 500 and 70 are the surface points.  
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Similarly, like in the case of the 1D rough surface model, note that there is no marked 

difference in the generation of the plots for a 2D random rough surface when the surface has 

a Gaussian height distribution function and an exponential autocorrelation function. The major 

difference is in the exponential filter E applied to the model, and given by Equation 4.12 as:  

𝐹 = 𝑒
 {−(

𝑎𝑏𝑠(𝑋)
𝑐𝑙𝑥

2⁄
⁄ +

𝑎𝑏𝑠(𝑌)
𝑐𝑙𝑦

2⁄
⁄ )}

 

(4.12) 

The statistical constants for the generated 1D and 2D rough surface models were also 

investigated to ensure the right results were obtained and the generated models for both 1D 

and 2D surfaces are correct. Some of these statistical constants include the rms height, 

correlation lengths etc. Table 4.2 shows that on comparison with the statistical constants 

earlier provided in Table 4.1, the values obtained from the simulation closely match the 

predefined values earlier provided in Table 4.1. This consistency confirms that the simulation 

results align with the expected statistical parameters further indicating that the model is 

accurate and reliable. However, it was not possible to increase the number of surface points 

beyond 5000 due to computational challenges. But for all the number of surface points 

considered, the values of the statistical constants obtained from both models were like the 

predicted values for both 1D and 2D rough surfaces and both auto correlation functions. This 

therefore implies the developed or generated rough surface models does what it says it does 

and can be relied upon for further analysis.  

Table 4.2: showing the correct comparison of values of the predicted 

statistical constants earlier shown in Table 4.1.  

N (no.)  h (m) 1D  h(m) 2D clx & cly (m)   Cor len. (1D) 

1500 0.0101 0.1418 0.1234 0.0097 

3000  0.0098  0.1407  0.1301  0.0108  

4500  0.0102  0.1390  0.1234  0.0110  

5000  0.0100  0.1415  0.1230  0.0111 
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Furthermore, the bandwidth of our 1D and 2D rough surface models can be estimated from 

the correlation length which is the width of the autocorrelation function of the 1D and 2D rough 

surfaces. From the analysis and Table 4.2 above, this width of the autocorrelation function is 

obtained to be about 11cm which tallies with the correlation length as shown in Table 4.2. 

Therefore, the bandwidth of about 9 Hz is obtained from the reciprocal of the width of the 

autocorrelation function and this is given in Equation 4.13 as:  

𝐵𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ =
1 

𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑎𝑐𝑓 
= 9.1 𝐻𝑧 

(4.13) 

 

4.2. CST Simulations / Modelling   

In the subsequent subsections, the generated rough surface model is imported into CST 

Studio Suite - a specialist 3D simulation software for electromagnetic wave simulations. This 

was done in CST to enable us to introduce various dielectric constants into our rough surface 

model with the special capability to also adjust or change or replace the materials with various 

soil types like sandy, clay or loamy soil and the added advantage of changing the dielectric 

properties and related parameters, as this is hardly achievable in MATLAB. This is because 

while MATLAB is a powerful tool for generating rough surface models and numerical 

calculations, it lacks a dedicated 3D electromagnetic simulation environment with advanced 

solvers and material handling capabilities. CST Studio Suite is specifically designed for 

electromagnetic wave propagation analysis and makes it significantly easier to introduce and 

modify different dielectric materials in the simulation. How the correlation length also varies in 

literature for various soil types is investigated and applied to the rough surface model.  

Before we consider the calculation and analysis of the RCS of rough surfaces in CST as well 

as the reflectivity analysis of the rough surface model [103], there is a need to first analyse the 

RCS of common objects (like a metal plate and sphere) in CST and then compare their results 

with the theoretical calculation and analysis of these same objects. This is done to enable us 
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to rely on the results we obtain from the RCS analysis of rough surfaces as the theoretical 

calculation and analysis of the RCS of rough surfaces is unavailable in literature. Besides, the 

calculation of the RCS is most times possible for just simple objects and extending this 

calculation and analysis to complex objects or surfaces like a rough surface is not easily 

achievable with common mathematical tools like MATLAB hence the use of CST software for 

this RCS analysis of rough surface models.  

RCS is the measure of a target’s ability to reflect radar signals in the direction of the radar 

receiver. RCS is a specific parameter of a reflective object and depends on many factors like 

the transmitting frequency of the radar, physical geometry of object, type of material, surface 

roughness, polarisation of the radar wave, angle of incidence, as well as target orientation.  

The surface area of simple geometric bodies depends on the ratio of the structural dimensions 

of the object to the wavelength. If absolutely all the incident radar energy on the target were 

reflected equally in all directions, then the RCS would be equal to the cross-sectional area of 

the target as seen by the transmitter. In reality, some energy is absorbed, and the reflected 

energy is not distributed equally in all directions. This therefore makes the RCS quite difficult 

to estimate and is normally determined by measurement. Thus, a measure of the ratio of 

backscatter density in the direction of the radar (from the target) to the power density that is 

intercepted by the target is defined as the RCS and given in Equation 4.14 as:  

𝑅𝐶𝑆 =
4𝜋𝑟2𝑆𝑟 

𝑆𝑡 
 

(4.14) 

where 𝑆𝑡 is the power density that is intercepted by the target,   

 𝑆𝑟 is the scattered power density in the range 𝑟   

4.3. RCS Analysis of Common Objects (Flat Plate and Sphere)  

The RCS calculation of a geometrical body like a metal plate is given by Equation 4.15 [73], 

[78], [104], [105] as:  
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𝑅𝐶𝑆 =
4𝜋𝑏2𝑙2𝑓2 

𝑐2
 

(4.15) 

where 𝑙 is the length of the metal plate, 𝑏 is the breadth of the metal plate, 𝑓 is the transmitting 

frequency of the radar and 𝑐 is the speed of light.  

So for a metal plate of 𝑙 = 2𝑚, 𝑏 = 1𝑚, and radar’s transmitting frequency of 10 𝐺𝐻𝑧, 

the RCS is calculated to be about 47.5 𝑑𝐵(𝑚2) which is in agreement with the results of 

the CST simulation of the RCS of a flat plate shown in Figure 4.3. The equation is correct for 

the RCS of a large, flat metal plate in the high-frequency limit where the plate dimensions are 

much larger than the radar wavelength. For both figures, the simulated RCS values remained 

the same despite the orientation of the plane wave.  

 

(a) RCS analysis of a metal (flat) plate simulated in CST (0° to 180°) 
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(b) RCS analysis of a metal (flat) plate simulated in CST (-90° to 90°) 

Figure 4.3: RCS analysis of a metal (flat) plate simulated in CST (a) 0° to 180° 

(b) -90° to 90° 

The RCS calculation for a sphere where 𝜆 ≪ 𝑠𝑖𝑧𝑒 𝑜𝑓 𝑠𝑝ℎ𝑒𝑟𝑒 is given by Equation 4.16 as  

𝑅𝐶𝑆 = 𝜋𝑅2 (4.16) 

where 𝑅 is the radius of the sphere and 𝜆 is the wavelength.  

So, for a sphere of 𝑟𝑎𝑑𝑖𝑢𝑠 = 0.5𝑚, and radar’s transmitting frequency of 6 𝐺𝐻𝑧, the RCS 

is calculated to be about −1.04 𝑑𝐵(𝑚2) which is in tandem with the result of the CST 

simulation of the RCS of a sphere shown in Figure 4.4 below. The choice of 6 GHz is deliberate 

because the wavelength (5 cm) is much smaller than the sphere diameter (1m), ensuring the 

object is in the geometric scattering region where the RCS equation is valid. However, when 

the wavelength is much larger than the size of the sphere (Rayleigh scattering region), the 

sphere does not reflect the wave effectively like a large object. Instead, it acts like a weak 

scatterer. The RCS is thus given by Equation 4.17 as:  

𝑅𝐶𝑆 =
9𝜋𝑅6

𝜆4
 

(4.17) 
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Figure 4.4: RCS analysis of a sphere simulated in CST  

4.4. RCS Analysis of Rough Surface Model – Lossless Material (PEC)  

To create a rough surface in CST is very difficult to achieve as the parameters which will 

facilitate this creation might take several months to achieve especially for a complex rough 

surface model. Therefore, to overcome this challenge, the rough surface already created in 

MATLAB is imported into CST so the RCS analysis of this rough surface can be actualised in 

CST. To do this, our MATLAB file (i.e. the .m file) of the rough surface is converted into a 

stereolithography (.stl) file (which is a 3D object) and then imported into CST for further 

analysis. The imported STL model is also verified to ensure the dimensions of the imported 

rough surface model tallies with the dimensions of the original MATLAB model prior to import. 

With this imported rough surface model in CST, it will be easier to define or vary the properties 

of the materials (say from lossless to a lossy material etc) as well as incorporate or modify 

various dielectric properties or constants of the rough surface model in the RCS analysis.  

For the MATLAB model to be converted into an STL file, the size of the array (N) of the model 

had to be reduced from about 1500 x 1500 number of surface points to about 50 x 50 number 
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of surface points. Also, the length of the surface (rL) had to be reduced from a 10m x 10m 

surface to a 1m x 1m surface. This is because of insufficient memory on the PC as well as 

inadequate computing facilities as the PC tends to struggle after the conversion if the model 

is not reduced. I used repeated simulations of smaller areas to compensate for any 

irregularities arising from this. However, other parameters like the correlation length (cl) and 

the rms height (h) remain the same. Furthermore, while reducing the model resolution and 

area introduces potential challenges, these are mitigated by statistical consistency checks, 

repeated simulations, and validation against analytical models. The primary trade-off is 

between computational feasibility and accuracy, and the chosen approach ensures a balance 

between computational efficiency and preserving the essential roughness characteristics of 

the surface.  

The rough surface is then triangulated and imported into CST and the boundaries are 

constrained so it is like a waveguide. When this model is imported into CST, then the type of 

material as well as the dielectric properties of the material can be easily adjusted in CST prior 

to running the simulations and analysing the RCS of such rough surface. As a result, the model 

and its dielectric properties can be changed from a lossless material (e.g. PEC) to a lossy 

material (e.g. sandy soil, loamy soil, alumina etc.). Figure 4.5 shows an example of the original 

2D model in MATLAB as well as the imported version in CST with the same correct dimensions 

while Figure 4.6 shows the equivalent for a 1D rough surface model.  
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      (a) 2D rough surface model in MATLAB         (b) 2D rough surface model in CST 

Figure 4.5: 2D rough surface model in (a) MATLAB (b) CST  

 

(a) 1D rough surface model in MATLAB   (b) 1D rough surface model in CST 

Figure 4.6: 1D rough surface model in (a) MATLAB (b) CST  
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Now the rough surface model has been successfully imported into CST with the dimensions 

compared and accurately verified with the original model, the next task is to calculate the RCS 

of this 2D rough surface model in CST like it was done for a flat plate and sphere in the 

previous subsection. To achieve this, the RCS of a smaller dimension from the rough surface 

is analysed due to inadequate computing requirements in simulating a much larger or heavier 

rough surface model as well as incessant computational drawbacks from my PC.  

The simulation parameters for the RCS analysis of my rough surface as well as the simulation 

parameters for the RCS analysis of common objects like a flat plate earlier discussed in 

section 4.2 are all provided in Table 4.3.  
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Table 4.3: showing the simulation parameters for the RCS analysis of a rough 

surface  

Simulation Parameters – RCS for a rough surface and smooth (flat) surface 

Polarisation  Custom 

Accuracy  Medium 

Frequency  1 & 10 GHz 

Observation angle sweeps  0° to 180° (steps of 10°) 

-90° to 90° (steps of 10°) 

RCS  Monostatic 

Material (lossless / lossy)  PEC / Sandy Soil  

Flat plate  2m by 1m 

Rough surface  1m by 1m  

Number of surface points  500 

Correlation lengths in (x & y)  0.125m 

RMS height (roughness)  0.14m & 0.28m 

Simulation run time   5½ hours (≈ 24 hrs for sandy soil) 

Solver (lossless / lossy)  Asymptotic / Integral Equation  

For the rough surface model, the material of the rough surface in this instant is a PEC which 

is a lossless dielectric material. The plane wave incident on the rough surface is custom 

polarised and this plane wave sweeps through from -90° to 90° in steps of 10° or from 0° to 

180° also in steps of 10°. The accuracy of the Asymptotic Solver which is the solver used for 
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this simulation has been set to medium accuracy just to have an efficient simulation. The 

Asymptotic Solver is very suitable for lossless materials. The frequency of the incident wave 

has been set to either 1GHz or 10GHz depending on the simulation. The simulation 

parameters listed in Table 4.3 have also been varied or modified to achieve a variety of results 

which will aid in the analysis of a 2D rough surface model. The results from these simulations 

are shown in Figures 4.7 to 4.9. Comparing figures 4.7 and 4.8, while the theoretical RCS 

equation for a flat plate suggests that RCS increases with frequency, real-world rough surfaces 

do not always follow this trend strictly. The effective RCS also depends on the incident angle, 

polarisation and surface irregularities. Thus, despite the theoretical expectation that shorter 

wavelengths should result in a higher RCS for a perfectly smooth surface, real-world 

roughness and scattering mechanisms reduce the effectiveness of coherent reflection, leading 

to a lower observed RCS of 23.8 dBm2 at 10 GHz.  

 

(a) RCS analysis of a rough surface (PEC) 1m x 1m (-90° to 90°) @ N = 500   
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(b) RCS analysis of a rough surface (PEC) 1m x 1m (0° to 180°) @ N = 500   

Figure 4.7: RCS analysis of a PEC at 10 GHz (a)- 90° to 90° (b)0° to 180° 

 

(a) RCS analysis of a rough surface (PEC) 1m x 1m (-90° to 90°) @ N = 500   

 

(b) RCS analysis of a rough surface (PEC) 1m x 1m (0° to 180°) @ N = 500   

Figure 4.8: RCS analysis of a PEC at 1 GHz (a)- 90° to 90° (b) 0° to 180°  
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Figure 4.9: RCS analysis of a PEC (1m x1m) at 10 GHz and rms height of 28 cm  

The results from Figures 4.7a and 4.7b are basically the same. The RCS was calculated to be 

about 24 dB(m2). The magnitude of the main lobe was obtained to be about 90°. When this 

RCS value obtained is compared to the value of the RCS obtained in Figure 4.8, the result 

suggests that the higher the frequency of the plane wave, the lower the RCS value and vice 

versa for those number of surface points i.e. 500 in our case. Like was seen previously, despite 

the theoretical expectation that shorter wavelengths should result in higher RCS for a perfectly 

smooth surface, real-world roughness and scattering mechanisms reduce the effectiveness of 

coherent reflection, leading to a lower observed RCS at 10 GHz. In Figure 4.8, an RCS value 

of 34.5 dB(m2) is obtained for a frequency of 1GHz as opposed to the value of about 24dB(m2) 

obtained for 10GHz frequency. This inverse relationship between the RCS and the frequency 

for a lossless rough surface appears to be at variance with the relationship between the RCS 

and the frequency for a smooth or flat surface. If the generated roughness features are smaller 

than the resolution cell at higher frequencies, then the system may not be adequately resolving 

the roughness leading to underestimated RCS values. Increasing the number of surface points 

or improving spatial resolution in the simulation could provide more accurate results. For a 

smooth or flat surface, RCS is directly proportional to the frequency as shown by Equation 

4.15. In Figure 4.3, a higher RCS value of 47.5 dB(m2) is obtained at 10 GHz; now if the RCS 
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for a smooth surface with same dimensions (2m x 1m) is calculated at 1 GHz, an RCS value 

of about 27.5 dB(m2) is obtained.  

However, If the number of surface points for our lossless rough surface is drastically reduced 

to 100 or 50, then the higher the frequency of the plane wave, the higher the RCS value and 

vice versa. This is as shown in Figures 4.10 and 4.11. In Figure 4.10a, an RCS of 17 dB(m2) 

is obtained at 10 GHz, while an RCS of 15.7 dB (m2) is obtained for 1GHz as shown in Figure 

4.10b. This implies that the RCS of our lossless rough surface depends on the number of 

surface points that defines its roughness.  

 

(a) RCS analysis of a rough surface (PEC) 1m x 1m for 100 samples @ 10GHz   

 

(b) RCS analysis of a rough surface (PEC) 1m x 1m for N = 100 samples @ 1GHz   

Figure 4.10: RCS analysis of a rough surface PEC (a)10 GHz b)1GHz 
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(a) RCS analysis of a rough surface (PEC) 1m x 1m for 50 samples @ 10 GHz   

 

(b) RCS analysis of a rough surface (PEC) 1m x 1m for N = 50 samples @ 1 GHz  

Figure 4.11: RCS analysis of rough surface PEC 50 samples (a)10 GHz (b)1 GHz   

Similarly, in Figure 4.11a, an RCS of 13.2 dB(m2) is obtained at a frequency of 10 GHz, while 

an RCS of 5.46 dB(m2) is obtained for a frequency of 1GHz as shown in Figure 4.11b.  

Furthermore, when the RCS values for a smooth and rough surface with similar dimensions 

are compared at a particular frequency, the values of RCS (in terms of the magnitude) 

obtained is consistent with existing literature [106] and aligns with theoretical expectations. 

Besides, RCS is also inversely proportional to the roughness of a surface. Therefore, it is 

expected that the reflectivity from a smooth surface should be higher than the reflectivity from 

a rough surface with the same dimensions and parameters. This is because at higher 

frequencies, the rough surface causes more diffuse scattering and back reflections in multiple 
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directions, reducing the amount of energy reflected directly back to the radar. For example, at 

10GHz, the RCS for a smooth surface (1m x1m) is obtained as 41.45 dB(m2), while the RCS 

for a rough surface of similar dimensions and frequency is about 24 dB(m2) as shown in Figure 

4.7. However, at lower frequencies, for example at 1GHz, the RCS for a smooth surface is 

lower than the RCS for a rough surface. At 1GHz, a smooth surface of 1m x 1m has an RCS 

of 21.45 dB(m2), while a rough surface with similar dimensions and same frequency has an 

RCS value of 34.5 dB(m2) as shown in Figure 4.8. So extra care should be taken when 

comparing the peculiarities of these different surfaces so the correct analysis or inference can 

be drawn without being misled with regards the characteristics of each surface.  

Looking at Figure 4.9, when the rms height is doubled for the rough surface, the value of the 

RCS increases (from about 24 dB(m2) in Figure 4.7 to about 28 dB(m2) in Figure 4.9). This 

might be attributed to the fact that the increase in the rms height sort of makes the rough 

surface a bit ‘smoother’ which now brings about an increase in the RCS value obtained. The 

relationship between the RCS and the rms height of a rough surface has been thoroughly 

investigated and this shall be extensively discussed as we progress in this thesis, beginning 

from the next subsection.  

4.5. RCS Analysis of Rough Surface Model – Lossy Material (Sandy Soil)  

In this section, the lossless material (PEC) is now changed to a lossy material (sandy soil) to 

analyse the RCS. To calculate the RCS of a lossy material (sandy soil), the same simulation 

parameters earlier highlighted in Table 4.3 are used save for some few adjustments or 

modifications which will be highlighted as we go along. First, the Integral Equation Solver is 

used and not the Asymptotic Solver used all along because losses in dielectrics are neglected 

by the Asymptotic Solver, thus Asymptotic Solvers do not support the RCS simulation of lossy 

materials. For lossy materials, the Integral Equation Solver was used for the simulation of the 

RCS. Furthermore, the rough surface model which is like a rough sheet as shown in Figure 

4.5b was converted into a solid body because of the error in surface meshing which occurs 

during the RCS simulation of the rough sheet, and since there is an error in surface meshing 
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of the rough surface sheet, then the RCS analysis of the lossy rough surface cannot be 

achieved. To overcome this error in surface meshing, the number of surface points (N) of the 

rough surface model was drastically reduced from 500 to a much lower number due to 

computational issues of the PC prior to being converted into a rough solid body.  

 

(a) Rough surface ‘sheet’ converted into a rough solid body with N = 100 

 

(b) Rough surface ‘sheet’ converted into a rough solid body with N = 50  

Figure 4.12: Rough surface converted into a solid body (a) N = 100 (b) N = 50 

Figure 4.12a shows a rough surface that has been converted into a rough solid body for N = 

100 as the number of surface points, while Figure 4.12b is for a rough solid body with N = 50. 

The material for this rough surface in this instant was selected or chosen as a lossless material 

(PEC) and dimensions of the rough surface was chosen to be 1m x 1m.  

In Figure 4.13a, the RCS of the solid rough surface (1m x 1m) at 10GHz was obtained to be 

about 37 dB(m2) which is higher than the RCS of the sheet-like rough surface with similar 

parameters obtained as 17 dB(m2) in Figure 4.10a. Both surfaces are made of the same 
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lossless PEC material, so the difference in RCS is purely due to their geometric structures. 

The solid rough surface consists of three-dimensional features, including multiple faces and 

vertices, which introduce additional scattering mechanisms that contribute to a higher overall 

reflectivity. In contrast, the sheet-like rough surface is a two-dimensional structure without 

significant depth, meaning it lacks additional scattering contributions from edges and faces. 

This results in lower overall reflectivity compared to the solid rough surface. However, please 

note that this reflectivity value of the solid rough surface would be lower when compared to 

the reflectivity of a complete or totally smooth/flat surface.  

 

(a) RCS analysis of solid rough surface (PEC) 1m x 1m for 100 samples @ 10GHz  

 

(b) RCS analysis of a solid rough surface (PEC) 1m x 1m for 100 samples @1GHz 

Figure 4.13: RCS analysis of a solid rough surface PEC at (a)10 GHz (b) 1 GHz 
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Similarly, in Figure 4.13b, the RCS of the solid rough surface (1m x 1m) at 1 GHz was obtained 

to be about 22 dB(m2) which is higher than the RCS of the sheet-like rough surface with similar 

parameters obtained as 15.7 dB(m2) in Figure 4.10b and the same reasons as previously 

described can be adduced to this. The 3dB angular width of 9.4° suggests that energy is 

spread over a small angular range rather than being strictly at 90°. The shift in the RCS peak 

away from 90° is likely due to a combination of surface geometry, material properties, 

frequency effects, numerical simulation considerations, and multipath interactions. This is a 

common occurrence in real-world radar scattering scenarios where idealised specular 

reflection assumptions do not hold. Furthermore, in Figure 4.14, the RCS of the solid rough 

surface for N = 50, 1m x 1m and at 10 GHz was obtained to be about 36 dB(m2) which is 

higher than the RCS value of the sheet-like rough surface with similar parameters obtained as 

13.2 dB(m2) in Figure 4.11a.  

 

Fig. 4.14 RCS analysis of solid rough surface (PEC) 1m x 1m for N = 50 samples @ 10GHz  

Figure 4.14: RCS analysis of a solid rough surface PEC, N = 50 @ 10 GHz  

The next milestone in this thesis is to now convert the material of the solid rough surface from 

a lossless material (PEC) to a lossy material (sandy soil) with different dielectric properties 

and analyse the RCS for this rough surface that is made of sandy soil. When this happened, 

the rough surface was not meshing properly due to insufficient memory as well as inadequate 

computing requirements. As a result, the number of surface points (N) was significantly 

reduced again from about 100 as previously shown to about 10 for the rough surface to ensure 
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proper meshing of the rough surface and facilitate successful computation and analysis of the 

RCS. However, this reduction in N inherently decreases the number of scatterers, which could 

lead to a loss of statistical significance in the results. To overcome this limitation and maintain 

the statistical robustness of the analysis, I employed a Monte Carlo-type approach, where I 

conducted multiple independent simulations of different realisations of the smaller sample size 

(N = 5, 10) & averaged the results over these repeated trials. By doing so, the overall scattering 

characteristics remained representative of the original surface model with N = 100, ensuring 

that the final RCS estimates were statistically meaningful and comparable to those obtained 

with a higher number of scatterers. In addition, the area of the surface was also reduced from 

a 1m x 1m surface area to about a 20 cm x 20 cm surface area. Same reasons given earlier 

suffices here. This averaging approach effectively compensates for the reduction in surface 

points and surface area by incorporating the stochastic nature of rough surface scattering, 

thereby minimising the impact of numerical artifacts introduced by the meshing constraints. 

The Solver also used for this RCS analysis is the Integral Equation Solver as the Asymptotic 

Solver does not support the RCS simulation of lossy materials. The dielectric parameters for 

the sandy soil employed in this RCS simulation are given in Table 4.4 and they have been 

taken from the CST Microwave Studio Suite software and consistent with existing literature.  

Table 4.4: showing the dielectric constants / parameters for sandy soil at 10 

GHz   

Parameter Value 

Dielectric Permittivity (Epsilon)  2.53 

Dielectric Conductivity (Mu)  1 

Dielectric loss factor  0.0036 (Const. fit) 

Density (Rho)  1550 (Kg/m3) 

Thermal Conductivity  0.2 (W/K/m) 

Specific Heat  800 (J/K/Kg) 

Diffusivity  1.6129e-07 (m2/s) 
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Figure 4.15a shows the results of the RCS analysis of a lossy rough surface made of sandy 

soil with dimensions 20 cm x 20 cm and number of surface points (N) = 5 at 10 GHz, while 

Figure 4.15b shows the results of the RCS analysis of a sandy soil rough surface with the 

same parameters but in this case, the area of the rough surface is 50 cm x 50 cm. An RCS of 

about 2 dB(m2) was obtained in Figure 4.15a, while an RCS of 14 dB(m2) was obtained in 

Figure 4.15b. This result suggests that the RCS of a solid rough surface is directly proportional 

to the surface area of the rough surface. However, this is not the case for a lossless rough 

surface sheet where the RCS is inversely proportional to the surface area of the lossless rough 

surface especially at lower frequencies like 1 GHz and for similar parameters. Figure 4.15a 

has a surface area of 0.04 m2 while Figure 4.15b has a surface area of 0.25 m2. So, the surface 

area of the rough surface in Figure 4.15b is at least six times bigger than the area of the rough 

surface in Figure 4.15a, hence the RCS for Figure 4.15b is bigger than the RCS for Figure 

4.15a.  

 

(a) RCS analysis of sandy soil surface 20cm x 20cm for N = 5 samples @ 10GHz 
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(b) RCS analysis of sandy soil surface 50cm x 50cm for N = 5 samples @ 10GHz  

Figure 4.15: RCS analysis of a sandy soil surface N = 5 (a)20x20cm (b) 50x50cm   

Similarly, Figure 4.16a shows the results of the RCS analysis of a lossy rough surface made 

of sandy soil with dimensions 20cm x 20cm and number of surface points (N) = 10 at 10 GHz, 

while Figure 4.16b shows the results of the RCS analysis of a sandy soil rough surface with 

the same parameters but in this case, the area of the rough surface is 50cm x 50cm. An RCS 

of about 9 dB(m2) was obtained in Figure 4.16a, while an RCS of 14.4 dB(m2) was obtained 

in Figure 4.16b. The explanation earlier given to the RCS values obtained in Figure 4.15 can 

also be adduced here. Furthermore, we can also see that the RCS for Figure 4.15b albeit for 

N = 5 is higher than the RCS obtained for Figure 4.16a even though with a higher N of 10 

because of the bigger surface area for Figure 4.15b compared to Figure 4.16a. Similarly, the 

RCS obtained for Figure 4.16b is a lot higher (at least 18 times higher) than the RCS obtained 

for Figure 4.15a and this can be attributed to the bigger surface area as well as the doubled 

number of surface point which indicates a measure of the roughness of the surface.  
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(a) RCS analysis of sandy soil surface 20cm x 20cm for N = 10 samples @ 10GHz  

 

 

 

(b) RCS analysis of sandy soil surface 50cm x 50cm for N = 10 samples @ 10GHz   

Figure 4.16: RCS analysis of sandy soil surface, N = 10 (a)20x20cm (b) 50x50cm 
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Now we shall look at various dielectrics where the angle of illumination from our radar is 

between 0° to 90° as well as between 30° and 60° and consider as well as analyse the RCS 

or reflectivity at these angles. The angles between 30° and 60° were specifically considered 

in the simulation, so that it can be compared to the experimental results that would be 

elucidated on in subsequent chapters. For the experimental setup, the angle of illumination 

would most likely vary between 30° and 60°. As a result, it is expedient to understand what 

the theoretical RCS looks like between these angles so the results can be compared with the 

measurements. The dielectrics which would be considered include the PEC, the dry sandy 

soil, the wet sandy soil, dry loamy soil, wet loamy soil as well as sandy soil that has been 

mixed or soaked with oil. It is worthy to also mention at this juncture that all the simulations 

would be done at a frequency of 10 GHz and at an rms height of 14cm.  

Figure 4.17a shows the RCS analysis for a PEC between 0° and 90°, while Figure 4.17b 

shows the RCS analysis for a PEC between 30° and 60°. Both figures were for an area of 20 

cm x 20 cm and the number of samples or surface points on the rough surface is 10 x 10. As 

expected, the RCS is directly proportional to the angle and that is why the RCS is 22.5 dBsqm 

at 90° while the RCS at a lower angle of 60° is – 12.4 dBsqm.  

 

(a) RCS analysis of PEC between 0° to 90° for an area of 20 cm x 20 cm   
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(b) RCS analysis for a PEC between 30° to 60° for an area of 20 cm x 20 cm  

Figure 4.17: RCS analysis for a PEC 20cm x 20 cm (a) 0° to 90° (b) 30° to 60°  

Figure 4.18a shows the RCS analysis for a PEC between 0° and 90° but for an area of ½ m x 

½ m, while Figure 4.18b shows the RCS analysis for a PEC between 30° and 60° also for an 

area of ½ m x ½ m. Both rough surfaces have the same number of surface points i.e. 10 x 10. 

The RCS for figure 4.18a is obviously higher (6 dB higher) than the RCS for figure 4.17a due 

to the larger surface area for figure 4.18a compared to figure 4.17a since RCS is also directly 

proportional to the area of the surface. The same can also be said when figure 4.18b is 

compared to figure 4.17b as the RCS is 11.16 dB higher.     
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(a) RCS analysis for a PEC between 0° to 90° for an area of ½ m x ½ m 

 

(b) RCS analysis for a PEC between 30° to 60° for an area of ½ m x ½ m 

Figure 4.18: RCS analysis for a PEC ½ m x ½ m (a) 0° to 90° (b) 30° to 60° 

Figure 4.19a shows the RCS analysis for dry sandy soil between 0° and 90°, while Figure 

4.19b shows the RCS analysis for dry sandy soil between 30° and 60°. Both figures were for 

an area of 20 cm x 20 cm and the number of samples or surface points on the rough surface 

is 10 x 10. As expected, the RCS is directly proportional to the angle and that is why the RCS 

is 8.59 dBsqm at 90° while the RCS at a lower angle of 56° is – 5.93 dBsqm. These figures 

were also be compared to Figures 4.20a and 4.20b respectively which are for a larger surface 

area i.e. ½ m x ½ m. On comparison, we can see that the RCS for Figure 4.20a is about 4 
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times higher than RCS for figure 4.19a. Similarly, the RCS for figure 4.20b is also about 4 

times higher than the RCS for figure 4.19b due to the larger surface areas of the rough surface.  

 

(a) RCS analysis for dry sandy soil between 0° and 90° - area of 20 cm x 20 cm 

 

(b) RCS analysis for dry sandy soil between 30° and 60° - area of 20 cm x 20 cm 

Figure 4.19: RCS analysis for dry sandy soil 20cm x 20cm(a)0° to 90° b)30°to 60° 
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(a) RCS analysis for dry sandy soil between 0° and 90° for an area of ½ m x ½ m 

 

(b) RCS analysis for dry sandy soil between 30° and 60° - area of ½ m x ½ m  

Figure 4.20: RCS analysis for dry sandy soil ½ m x ½ m (a) 0° to 90° (b) 30° to 

60° 
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(a) RCS analysis for wet sandy soil between 0° and 90° – area of 20 cm x 20 cm 

 

(b) RCS analysis for wet sandy soil between 30° and 60° – area of 20 cm x 20 cm  

Figure 4.21: RCS analysis for wet sandy soil 20 cm x 20cm (a) 0° to 90° (b) 30° 

to 60° 

Figures 4.21a and 4.21b show the RCS analysis for wet sandy soil between 0° and 90° as 

well as between 30° and 60° respectively. Both figures were also for an area of 20 cm x 20cm 

and the number of samples or surface points on the rough surface is 10 x 10. As expected, 

the RCS is directly proportional to the angle of illumination. These figures were also compared 

to Figures 4.22a and 4.22b respectively which are for a larger surface area of ½ m x ½ m. On 

comparison, we can see that the RCS for Figure 4.22a is about 4 times higher than RCS for 
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Figure 4.21a. Similarly, the RCS for figure 4.22b is about 23 times higher than the RCS for 

figure 4.21b due to the larger surface areas of the rough surfaces.  

 

(a) RCS analysis for wet sandy soil between 0° and 90° – area of ½ m x ½ m 

 

(b) RCS analysis for wet sandy soil between 30° and 60° – area of ½ m x ½ m  

Figure 4.22: RCS analysis for wet sandy soil ½ m x ½ m (a) 0° to 90° (b) 30° to 

60° 
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(a) RCS analysis for dry sandy soil mixed with oil – area of 20 cm x 20 cm. 

 

(b) RCS analysis for dry sandy soil mixed with oil – area of 20 cm x 20 cm. 

Figure 4.23: RCS analysis for dry sandy soil mixed with oil 20cm x 20cm (a) 0° to 

90° (b) 30° to 60° 

Figure 4.23a shows the RCS analysis for a dry sandy soil mixed with oil with an area of 20 cm 

x 20 cm between 0° and 90° while figure 4.23b shows the RCS analysis for dry sandy soil 

mixed with oil for the same parameters but from 30° to 60°. When compared to Figure 4.19a 

which is for dry sandy soil without the oil, their RCS values are more or less the same which 

is in tandem with what we expected as the dielectric constant of oil is very similar to the 
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dielectric constant of dry sandy soil. Also, the RCS for Figure 4.23a is slightly higher than the 

RCS for dry sandy soil due to the presence of oil as we had earlier attributed. Similarly, Figure 

4.23b has a slightly higher RCS than its equivalent in Figure 4.19b due to the presence of oil.  

 

(a) RCS analysis for dry sandy soil mixed with oil – area of ½ m x ½ m. 

 

(b) RCS analysis for dry sandy soil mixed with oil – area of ½ m x ½ m.  

Figure 4.24: RCS analysis for dry sandy soil mixed with oil ½ m x ½ m (a) 0° to 

90° (b) 30° to 60° 
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Figures 4.24a and 4.24b show the RCS analysis for dry sandy soil mixed with oil but for a 

larger surface area i.e. ½ m x ½ m. The RCS for Figure 4.24a which is for a larger surface 

area is 2.5 times higher than the RCS for Figure 4.23a which is for a smaller surface area. 

Similarly, the RCS for Figure 4.24b is about 12 times higher than the RCS for Figure 4.23b. 

also when we compare Figure 4.24a with Figure 4.20a which is for dry sandy soil without oil, 

their RCS values are more or less the same which is also in tandem with what is expected as 

the dielectric constant of oil is very similar to the dielectric constant of dry sandy soil.  

Now, we shall analyse what happens when the number of surface points i.e. N is doubled for 

all the various dielectrics.  

 

(a) RCS analysis for dry sandy soil between 10° and 80° - N = 20 x 20  

 

(b) RCS analysis for wet sandy soil between 10° and 80° - N = 20 x 20   
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c) RCS analysis for dry sandy soil mixed with oil - N = 20 x 20   

 

(d) RCS analysis for a PEC between 10° and 80° with N = 20 x 20 for a ½m x ½m  

Figure 4.25: RCS analysis between 10° to 80° with N = 20 x 20 for a ½ m x ½ m 

(a)dry sandy soil (b)wet sandy soil (c) dry sandy soil mixed with oil (d) PEC  

In Figure 4.25a, the number of surface points (N) is 20 x 20 as opposed to 10 x 10 used in 

previous simulations. The figure is for a dry sandy soil with dimensions ½ m x ½ m. The RCS 

generally increases as the angle of illumination also increases with the RCS obtained as 2.81 

dBsqm. When compared to Figure 4.20a, which is for a dry sandy soil with N = 10 x 10 and 

for the same ½ m x ½ m, the RCS was about 14 dBsqm. The increase in RCS can be attributed 

to the fact that since the number of surface points is reduced, the surface can be likened to a 
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“smoother” surface compared to the other surface which has a greater number of surface 

points i.e. 20 x 20 and can be presumed “rougher”.   

Figure 4.25b shows the RCS for a wet sandy soil with the number of surface points as 20 x 

20. The RCS was obtained to be about – 3.56 dBsqm and when this is compared to Figure 

4.22a which is also for a wet sandy soil but with N as 10 x 10, an RCS of 24.1 dBsqm is 

obtained. Similarly, this increase in RCS for a surface with number of surface points as 10 x 

10 can be attributed to the fact that the surface is presumed “smoother” which will therefore 

have a higher RCS than if the surface was “rougher”, therefore a lower RCS. Please note that 

wet sandy soil implies sandy soil with 18.8% water, and this is the case all through this thesis.  

Figure 4.25c shows the RCS for a dry sandy soil that is mixed with oil for the same number of 

surface points – 20 x 20. The RCS was obtained to be about 9.73 dBsqm and when this is 

compared to Figure 4.24a which is also for a dry sandy soil mixed with oil but with N as 10 x 

10, an RCS of 14.73 dBsqm is obtained. Same reasons can be attributed here as well. Please 

also note that 13.77% is the proportion of oil in the dry sandy soil and is the case all through.  

Figure 4.25d shows the RCS for a PEC for the same number of surface points – 20 x 20. The 

RCS was obtained to be about 1.19 dBsqm and when this is compared to Figure 4.18a which 

is also for a PEC with number of surface points as 10 x 10, an RCS of 28.9 dBsqm is obtained. 

Same analysis can be extended to this dielectric.  

Table 4.5 shows the comparison between the various dielectrics in terms of their analytical 

RCS values for both surface areas i.e. 20 cm x 20 cm and ½ m x ½ m. The number of surface 

points used for the simulation is 10 x 10 and doubled to 20 x 20. The angle of simulation varied 

between 0° and 90° as that is more practicable for experiments and measurements.  
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Table 4.5: Comparison of the RCS of various dielectric materials with varying 

number of surface points  

 

Dielectric 

Material  

N = 10 

20cmx20cm  

0° to 90°  

N = 10 

20cmx20cm  

30° to 60° 

N = 10 

½m x ½ m  

0° to 90° 

N = 10 

½m x ½ m  

30° to 60° 

N = 20  

20cmx20cm 

10° to 80°  

N = 20  

½mx½m  

10°to 80° 

PEC  22.5 dBm2 - 12.4 dBm2 28.9 dBm2 - 1.24dBm2 - 4.86 dBm2 1.19 

dBm2 

Dry Sandy 

Soil  

8.59 dBm2 - 5.93 dBm2 14.2 dBm2 -0.28 dBm2 - 6.32 dBm2 2.81 

dBm2 

Wet Sandy 

Soil  

17.7 dBm2 - 20.7 dBm2 24.1 dBm2 - 7.11 dBm2 - 11.8 dBm2 - 3.56 

dBm2 

Dry Sandy 

Soil mixed 

with oil 

10.6 dBm2 - 4.39 dBm2 14.5 dBm2 6.36 dBm2 - 2.86 dBm2 9.73 

dBm2 

 

4.6. Simulation for different rough surfaces and comparison of the results  

At this stage, we shall perform some simulations for different surfaces with same statistics and 

analyse the results hereafter by comparing the results for these various dielectrics. First, ten 

RCS simulations were conducted for the various dielectrics. These simulations were 

conducted for each dielectric to ascertain and assess if the same pattern or trend was followed 

for each run. The figures for these 10 RCS simulation plots for each dielectric are shown in 

the appendix and have been thoroughly discussed. From the figures, the same trend / pattern 

was followed for each dielectric and simulation parameters which implies that the results can 
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be relied upon and tallies with what was expected for simulations of this nature. An average 

of at least ten iterations for each dielectric is shown in Figure 4.26 for the dry sandy soil; while 

Figure 4.27 is for the wet sandy soil and Figure 4.28 is for the dry sandy soil mixed with oil.  

 

Figure 4.26: Averaged RCS analysis for dry sandy soil rms 14 cm (10 iterations)  

For the dry sandy soil in Figure 4.26, the variations suggest a rougher surface with higher 

backscatter at larger angles and the error bars indicate variability in measurements due to 

surface inhomogeneity. For the wet sandy soil in Figure 4.27, the RCS values start much lower 

than for dry sandy soil, indicating increased absorption of electromagnetic waves. Also, the 

wetness increases dielectric properties, reducing reflections at smaller angles. For the oil 

contaminated soil in Figure 4.28, the oil layer introduces a smoothening effect which alters the 

dielectric properties. In terms of the implications and realisations, these RCS values provide 

a method to distinguish dry, wet and oil-contaminated surfaces based on scattering behaviour.    
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Figure 4.27: Averaged RCS analysis for wet sandy soil rms 14 cm (10 iterations)   

Figure 4.28: Averaged RCS analysis for Dry Sandy Soil mixed with oil rms 14cm 

(10 iterations)   
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In addition, although the dielectric constant of oil is like that of dry sandy soil, differences in 

their composition and interaction with electromagnetic waves lead to variations in their RCS 

values. The results indicate that the RCS of oil-contaminated sandy soil is consistently higher 

– by approximately 6 dB – compared to that of pure dry sandy soil. This increase in RCS 

suggests that the presence of oil alters the scattering properties of the surface, likely due to 

variations in absorption, conductivity, or subtle changes in surface roughness, despite the 

similarity in dielectric constants. Consequently, while the general trend in the results remain 

aligned, the observed increase in RCS highlights the distinct electromagnetic response of oil-

contaminated soil. Also, oil contamination may introduce slight changes in the soil’s surface 

roughness at a microscopic level, further influencing backscattering. These factors collectively 

contribute to the observed increase in RCS for oil-contaminated sandy soil compared to pure 

dry sandy soil. Therefore, for a dry sandy soil that is mixed with oil, we can envisage the oil 

emanating from spills or leaks from pipeline infrastructure.  

Furthermore, a cursory look at the plots in Figures 4.26 to 4.28 shows that the reflectivity or 

RCS of our rough surfaces is directly proportional to the incident angle with which these rough 

surfaces are illuminated. We can see that for the dry sandy soil, wet sandy soil as well as 

sandy soil that has been mixed with oil, the higher the angle of illumination, the higher the 

RCS. This therefore implies that for our rough surfaces, if we want to get a higher return of 

our echo then it should amongst other factors be illuminated at a higher angle (say between 

70° to 80°). Also, if we compare figures 4.26 and 4.28, we can also deduce that if our rough 

surface is mixed with oil, it has a higher reflectivity or return compared to a dry sandy soil. This 

is particularly useful as this concept can be used to discriminate in real life, an area that is 

soaked with oil and another that is not. So, we expect the area soaked in oil to have an 

increase in reflectivity of about 6 dB compared to the part or area of the soil not soaked in oil. 

This oil which soaks the soil can be because of oil spills and leaks from pipeline networks.  

Now let’s consider another parameter which could affect the reflectivity or RCS of our rough 

surfaces. We have seen how the angle of illumination affects the RCS of our rough surfaces. 
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We have also seen how the presence of oil in a dry sandy soil affects the reflectivity or RCS 

of our rough surfaces. The next point to consider in this analysis is the degree of roughness 

of our rough surface and how it affects reflectivity. The rms height defined for these rough 

surfaces is 7cm as opposed to 14 cm which we considered earlier for Figures 4.26 to 4.28. 

Similarly, 10 RCS simulations were conducted for each of the dielectrics – dry sandy soil, wet 

sandy soil and dry sandy soil mixed with oil, to ascertain whether the same trend was followed 

for each dielectric. The figures for these 10 RCS simulation plots per dielectric are shown in 

the appendix and have been discussed. From the figures, the same trend has been observed 

for the 3 dielectrics which implies the results can be relied upon and tallies with what was 

expected. An average of at least ten iterations for each dielectric is shown in Figure 4.29 for 

the dry sandy soil, Figure 4.30 for the wet sandy soil and Figure 4.31 for the dry sandy soil 

mixed with oil.   

 

Figure 4.29: Averaged RCS analysis for dry sandy soil rms 7 cm (10 iterations) 
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Figure 4.30: Averaged RCS analysis for Wet Sandy Soil rms 7 cm (10 iterations)  

Figure 4.31: Averaged RCS analysis for Dry Sandy Soil mixed with oil rms 7cm 

(10 iterations)  
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In Figure 4.29 which is for the dry sandy soil, the range of the plot in terms of the RCS varied 

from about 0 dBsqm to about – 12 dBsqm as opposed to from about 4 dB sqm to about -12 

dB sqm for Figure 4.26 which is for the corresponding dry sandy soil but with a higher surface 

roughness. Same analogy can be extended to the Figures 4.30 and 4.31 when compared to 

Figures 4.27 and 4.28 respectively. This therefore implies that the higher the surface 

roughness, the easier it is to detect the reflectivity or RCS from that rough surface. In addition, 

a surface that is rougher will have a higher reflectivity than a surface that is less rough. This 

applies to the three categories of soil surfaces being considered so far.  

Furthermore, Figures 4.32 to 4.34 show the average for the three various rough surfaces 

under consideration but for a rms height of 3.5 cm. Please note that various iterations for each 

dielectric are shown in the appendix. We have earlier posited that the reflectivity or RCS of 

our rough surfaces is also dependent on the roughness of the rough surface in a direct 

relationship. This invariably means the rougher the surface, the higher the reflectivity and this 

is further buttressed and analysed in Figures 4.32 to 4.34. The implication of this is that when 

oil spills or leaks from our pipeline infrastructure, we are more likely to get a high return signal 

or echo if the surface upon which the oil leaks or spills onto is very rough compared to if it was 

just a smooth or a not-so rough surface. So, the higher the surface roughness, the higher the 

RCS of my rough surface and vice versa.  

Also, we can see from the figures that if we compare Figures 4.32 to Figure 4.29 and to Figure 

4.26 which are for the dry sandy soil for 3.5cm, 7cm and 14cm rms heights respectively, it can 

be observed that as the rms height increases, the reflectivity also increases; whereas a lower 

rms height results in reduced reflectivity. The same can be said for the wet sandy soil as well 

as the dry sandy soil mixed with oil for all the three rms heights earlier described.  
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Figure 4.32: Averaged RCS analysis for dry sandy soil rms 3.5 cm (10 iterations)  

Figure 4.33: Averaged RCS analysis for Wet Sandy Soil rms 3.5cm (10 iterations)  
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Figure 4.34: Averaged RCS analysis for Dry Sandy Soil mixed with oil rms 3.5cm 

(10 iterations)  

Figure 4.35 shows the average RCS measurements (after 7 iterations as shown in the 

appendix) for dry sandy soil with rms height as 21cm and with the same parameters earlier 

described – correlation length of 12.5 cm, for an area of ½ m by ½ m. When figure 4.35 is 

compared to figures 4.32, 4.29 and 4.26 which are all for dry sandy soils with the same 

parameter except for the rms height, we can see that the higher the roughness of the surface, 

the higher the RCS or reflectivity and vice versa. This is also in tandem with what we expect. 

The error bars which show the margin of error amongst the various iterations for each surface 

roughness are also indicated on the averaged plot across all the figures.  
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Figure 4.35:  Averaged RCS analysis for dry sandy soil rms 21 cm (7 iterations)  

Figure 4.36: Combination of the averaged RCS plots for Dry Sandy Soil  



132 
 

Figure 4.36 shows the combined averaged RCS plots for dry sandy soil. As always, the 

average of the plots for each scenario or surface roughness was obtained based on the 

number of plots across all figures. From the figure, we can see that the rougher the surface 

for dry sandy soil, the higher the RCS or reflectivity as earlier explained. Also, we can see 

from the combined plot that the reflectivity or RCS tends to increase as the angle of illumination 

increases which invariably might mean that as oil spills or leaks into the surroundings of the 

pipelines, it will be easier to detect these leaks if the angle of illumination is high (say between 

60° to 80°) or the dry sandy soil surface is rough.  

Figure 4.37: Combination of the averaged RCS plots for Wet Sandy Soil  

Figure 4.37 shows the combined averaged RCS plots for wet sandy soil. From the figure, we 

can see that the smoother the surface, the higher the RCS or reflectivity which is at variance 

to what we experienced with the dry sandy soil. This variance could be attributed to the 

percentage of water already in the sandy soil, which makes it a smooth (or a not so rough) 
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surface. Therefore, the less rough it is, the higher the RCS or echo from that surface and vice 

versa. Furthermore, the reason water makes sandy soil smoother and increases RCS does 

not directly apply to oil-contaminated sandy soil because of the distinct physical and dielectric 

properties of oil compared to water. Water has a high dielectric constant (≈ 80), which 

significantly alters the soil’s electromagnetic response and reduces surface roughness by 

binding particles together more effectively. This smoothing effect enhances reflectivity. In 

contrast, oil has a much lower dielectric constant (like dry sandy soil), meaning it does not 

drastically change the soil’s electromagnetic properties. Additionally, oil tends to coat 

individual sand particles rather than binding them cohesively like water, which can preserve 

or even enhance surface roughness rather than reducing it. As a result, the oil-contaminated 

soil does not exhibit the same RCS behaviour as wet sandy soil. Also, we can see from the 

combined plot that the reflectivity or RCS tends to increase as the angle of illumination 

increases which invariably might mean that as oil spills or leaks into the surroundings of the 

pipelines, it will be easier to detect these leaks if the angle of illumination is high (say between 

60° to 80°) or the wet sandy soil surface is less rough.  

Now when these plots i.e. Figures 4.34, 4.31 and 4.28 are now combined, we obtain Figure 

4.38 which is the combination of the averaged RCS plots for dry sandy soil that has been 

mixed with oil. From Figure 4.38, we can see that the results for dry sandy soil mixed with oil 

is very similar to the results for dry sandy soil. It is no surprise because of the reasons earlier 

adduced and the permittivity of dry sandy soil and oil are very close or like each other. 

Therefore, for a dry sandy soil that is mixed with oil, we can envisage the oil emanating from 

spills or leaks from pipeline infrastructure. So based on the results, it will be easier to detect 

the oil spill or leak from a dry sandy soil surface that is soaked with oil if the surface is rough, 

than when it is a smooth or a not-so rough surface. Furthermore, the higher the angle of 

illumination, the higher the reflectivity and vice versa. These results are in tandem or align with 

what we expect in these scenarios.   
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Figure 4.38: Combination of the averaged RCS plots for Dry Sandy Soil mixed 

with oil 

Table 4.6 summarises the key findings from the simulation analysis of dry, wet and oil-

contaminated sandy soils with varying surface roughness. The results highlight how RCS 

behaviour changes with surface conditions and incidence angles.  

Table 4.6: Comparative analysis of the RCS behaviour of dry, wet and oil 

contaminated sandy soils across varied roughness profiles 

Condition Surface 

Roughness 

Max RCS 

(approx) 

Min RCS 

(approx) 

Key Angular 

Behaviour / 

Overall 

Insight 

Dry Sandy Soil 3.5, 7, 14, 21 

cm 

+3 dB.sqm (h = 

21 cm) 

-17 dB.sqm (h 

= 14 cm, 

θ=30°) 

Higher RCS at 

large θ, 

especially for 

14/21 cm; 

surface 

roughness 

significantly 

increases RCS 

at high angles 
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Wet Sandy Soil 3.5, 7, 14, 21 

cm 

-5 dB.sqm (h = 

14 cm) 

-30 dB.sqm (h 

= 14 cm, 

θ=10°) 

Smooth 

increase in 

RCS with θ; 

generally low 

values; 

moisture 

reduces RCS 

significantly, 

masking 

roughness 

influence 

Oil-

Contaminated 

Soil 

3.5, 7, 14 cm +7 dB.sqm (h = 

14 cm) 

-13 dB.sqm (h 

= 3.5 cm) 

Peaks sharply 

at θ = 50°–70° 

for higher 

roughness; oil 

contamination 

amplifies RCS 

significantly 

with surface 

roughness 

interaction 

The next stage in the analysis of these results is to combine the results of the various 

dielectrics and compare and analyse them. Figure 4.39 shows the averaged plots for the 

various dielectric materials when combined for the same rms height of 14 cm and correlation 

length of 12.5 cm. From this figure, we can see that the dry sandy soil mixed with oil has a 

higher RCS compared to the dry sandy and wet sandy soils. This implies that when sandy soil 

has been soaked with oil, the RCS or reflectivity of the soil increases due to the presence of 

oil. So, in an environment where oil spills have occurred, we expect the echoes or return signal 

to be higher in reflectivity for areas that are soaked compared to areas that are just dry or wet. 

With this technique of increased reflectivity or RCS values, my radar system can discriminate 

where oil leaks or spills have occurred and immediately alert the relevant authorities to forestall 

further leakage. From the figure, we can also see that the wet sandy soil has reduced 

reflectivity, which implies that if an area has been flooded with water, the RCS is greatly 

reduced (about 25dB at lower angles) compared to if the flood is due to oil spills and leaks 

from pipeline network. We shall also analyse the situation for other rms heights.  
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Figure 4.39: Combination of the various dielectric materials with rms 14cm  

Figure 4.40: Combination of the various dielectric materials with rms 7 cm 
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Figure 4.40 shows the averaged plots for the various dielectric materials when combined for 

the same rms height of 7 cm and correlation length of 12.5 cm. From this figure, we can see 

that the dry sandy soil mixed with oil has a higher RCS compared to the dry sandy and wet 

sandy soils. However, the gap between the dry sandy soil as well as the dry sandy soil mixed 

with oil is reduced (about 2 or 3 dB) due to the reduced surface roughness i.e. from 14cm to 

7cm. Previously, this gap between the dry sandy soil as well as the dry sandy soil mixed with 

oil was about 5 or 6 dB for 14cm surface roughness. This also implies that when sandy soil 

has been soaked with oil, the RCS or reflectivity of the soil increases due to the presence of 

oil. So, in an environment where oil spills have occurred, we expect the echoes or return signal 

to be higher in reflectivity for areas that are soaked compared to areas that are just dry or wet. 

With this observed increase in reflectivity or RCS values, a comparative radar experiment over 

an area suspected of oil leakage can reveal changes in reflectivity, allowing for detection of 

contaminated regions. However, if the surface roughness is significantly reduced (e.g. an rms 

height of 3.5 cm), the ability to distinguish oil-contaminated areas from dry or wet soil becomes 

more challenging, reducing detection confidence. In such cases, increasing the radar 

frequency could enhance sensitivity to subtle variations in reflectivity, improving the reliability 

of oil spill detection. From the figure, we can also see that the wet sandy soil has increased 

reflectivity, which implies that if an area has been flooded with water, the difference in RCS is 

greatly reduced (about 15dB at lower angles) compared to if the flood is due to oil spills and 

leaks from pipeline network. This 15dB difference at lower angles for Figure 4.40 is due to the 

reduced surface roughness when compared to a 25 dB difference at lower angles for a 14cm 

rough surface shown in Fig. 4.39. This also implies that the rougher our surface, the more 

likely we will be able to discriminate between the various dielectrics.  
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When we look at Figure 4.41 which is for a rough surface of 3.5cm, we can see that due to 

the reduced surface roughness, it is much more difficult to discriminate between the dry sandy 

soil as well as the dry sandy soil mixed with oil. This result is in tandem with what’s expected 

when compared to Figures 4.39 and 4.40. Similarly, the RCS or reflectivity for the wet sandy 

soil is much increased (- 14 dB at 10°) for a 3.5 cm surface roughness and the difference 

between an area where you have soil soaked with water and another area where the soil is 

flooded with oil is massively reduced (about 5 dB) compared to a 25-dB difference at 14cm 

surface roughness and 15 dB difference in RCS for a 7 cm surface roughness.  

Figure 4.41: Combination of the various dielectric materials with rms 3.5 cm 
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When we look at Figure 4.42 which is for a rough surface of 21 cm, we can see that there is 

also about a 25 dB difference between the dry sandy soil and the wet sandy soil especially at 

lower angles. What this implies is that it would be easier to detect oil spills or leaks on a dry 

sandy soil compared to a wet sandy soil; and even at higher angles, oil on dry sandy soil will 

be easily detected compared to a wet sandy soil as shown in the figure. Considering how the 

dielectric property of oil is close to that of dry sandy soil and drawing conclusions from the 

previous plots in previous sections, it is safe to also say that for dry sandy soil mixed with oil, 

the plot already shown would be similar for oily sandy soil. Due to computational bottlenecks, 

the 21 cm for an oily sandy soil could not be generated despite persistent and repeated trials. 

  

Figure 4.42: Combination of the various dielectric materials with rms 21 cm  

Table 4.7 shows a summary of the key findings from the analysis of various rms heights  
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Table 4.7: Summary of key findings from the analysis of various rms heights 

Surface 

Roughness 

(h) 

Observation: 

Wet Soil 

Observation: 

Dry Soil 

Observation: 

Oily Soil / 

PEC 

Key Finding 

3.5 cm Lowest RCS 

across all 

angles; peaks 

around -6 

dB.sqm 

Moderate RCS 

(-10 to -6 

dB.sqm); 

follows angular 

trend 

Fluctuating but 

close to dry; 

slightly higher 

at high angles 

At low 

roughness, 

RCS curves for 

all soils are 

close; wet 

consistently 

lowest 

7 cm Still low; 

gradually 

increases with 

angle but 

remains < -5 

dB.sqm 

Consistent 

RCS ~ -8 

dB.sqm with 

slight upward 

slope 

Consistently 

higher than 

wet/dry, peaks 

at +4 dB.sqm 

RCS 

differentiation 

begins to 

emerge; oil has 

most influence 

14 cm Significant 

RCS 

suppression; 

peaks around -

4 dB.sqm 

RCS increases 

with angle, 

peaks at ~ +6 

dB.sqm 

Dominant 

RCS: reaches 

+9 dB.sqm at 

peak 

Oily soil clearly 

separates with 

highest RCS; 

dry follows, wet 

suppressed 

21 cm Very low RCS, 

starts from -28 

dB.sqm and 

peaks near -7 

dB.sqm 

RCS increases 

with angle and 

peaks around 

+7 dB.sqm 

PEC used as 

baseline; dry 

soil 

approaches 

PEC above 60° 

Dry soil 

outperforms 

PEC at some 

angles; wet 

remains 

suppressed 

The next step is to now generate different rough surfaces but with same statistics for dry and 

wet sandy soil, then extract and analyse the RCS statistics. Furthermore, we will investigate 

how oil can be introduced into the dry sandy soil template in CST. Newer rough surface models 

would be developed that would appear to become smoother because of the introduction of oil 

at various levels and in various quantities. Once that is done, then a comparison of the 

reflectivity results for varied dielectric properties will be discussed and analysed. Also, there 

will be a comparison of the theoretical and the experimental results for dry sandy soil. All these 

simulations will be conducted on the High-Performance Computing (HPC) facility of the 

Birmingham Environment for Academic Research (BEAR) as current computing or 

computational facilities are inadequate considering the size of my models.  



141 
 

For the experiment, I built a rough surface profile for 3.5 cm, 7cm and 14cm roughness heights 

which would be used along the sand tray to create repeatable rough surface profiles of the 

rms heights that can then be relied upon instead of just making arbitrary holes or spacings on 

the sand. This shall be elucidated upon in chapter five and we shall also explore the 

experimental results and compare to the simulation results as well.  

4.7: Modified Rough Surface Models in CST & comparison of the results   

In this sub section, the rms height which determines the roughness of the rough surface 

models would be modified. The rms heights are modified to mimic a situation where oil leaks 

from a pipeline infrastructure spill onto a rough surface and like we expect, as the leaks 

increase on the rough surface, the ridges of the rough surface would continue to be covered 

until the oil spills cover the entire rough surface and invariably turns the original rough surface 

into a ‘smooth’ surface. The RCS of the initial rough surface would thus be compared to the 

RCS of the ‘smooth’ surface to help our understanding of how the RCS of our theoretical 

models varies from a very rough surface to a ‘smooth’ surface due to the introduction of various 

levels or quantities of oil on the rough surface. The results of this RCS analysis would also be 

compared to the RCS obtained via experiments where various quantities of oil would be 

poured onto our rough surface profiles on the tray filled with sand. They would be poured 

gently onto the sand filled tray depending on the rough surface profiles, until the entire tray is 

covered with oil to also mimic a ‘smooth’ surface. Both sets of results i.e. from modelling and 

experiments, would thus be compared and analysed.  

Figure 4.43 shows a rough surface model with original rms height of 3.35 cm and when the 

rough surface is modified due to the introduction of ‘oil’, the surface roughness is impacted, 

hence the surface is less rough and the rms heights begin to reduce from the 3.35cm to 2.96 

cm, then 2.49 cm and to 1.73 cm until it finally gets to 0.50 cm as shown in the Figure 4.56. 

The modified rough surface models therefore have a reduced or smaller surface roughness 

depending on the level or quantity of oil which has been applied to that rough surface.   
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Figure 4.43: Modified rough surface models with original rms 3.5 cm 

Similarly, Figure 4.44a shows a rough surface model with rms height of 7.13cm while Figure 

4.44b shows an updated figure when that same rough surface model has been modified albeit 

with the introduction of oil which maybe emanated from oil spills and leaks. The introduction 

of oil now makes the surface less rough and the rms height is thus reduced. The modified 

rough surface model therefore has a reduced surface roughness of 5.07cm and it is further 

reduced until 1.19 cm.  

 

(a) Original rough surface model with rms height of 7.13 cm  
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(b) Modified Rough surface models with original rms height of 7 cm  

Figure 4.44: Modified rough surface models with original rms 7 cm (a) original 

(b) modified   

Furthermore, Figure 4.45a shows a rough surface model with rms height of 13.72 cm while 

Figure 4.45b is the updated version of Figure 4.45a after the model has been modified and 

the rms height reduced to 9.57 cm and further reduced until 1.89 cm.  

 

(a) Original rough surface model with rms height of 13.72 cm 
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(b) Modified Rough Surface Models with original rms height of 14 cm  

Figure 4.45: Modified rough surface models with original rms 14 cm  

(a) original (b) modified  

Also, Figure 4.46 shows a modified rough surface model with original rms height of 21.33 cm 

but has been updated and this modified rough surface model has been reduced to rms heights 

of 14.91 cm, 13.59cm, 11.39cm, 9.52cm, 6.35cm and 3.5 cm as shown  

Figure 4.46: Modified rough surface models with original rms 21 cm    
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Now when we take Figure 4.43 into consideration, CST simulation is performed for all the five 

subplots in the figure to analyse their RCS for various dielectric materials. Figure 4.47 shows 

the plot of the RCS for both the original rough surface model as well as the modified rough 

surface models for a dry sandy soil. Figure 4.48 shows the plot of the RCS for both the original 

rough surface model as well as the modified rough surface models for a dry sandy soil mixed 

with oil. Figure 4.49 shows these same plots for a PEC while Figure 4.50 shows these same 

plots for a wet sandy soil. From these figures, particularly figures 4.47 to 4.49, we can see that 

the original rough surface models with a higher rms height i.e. 3.5cm have higher RCS 

compared to the modified rough surface models with a reduced or lower rms height. This 

agrees with what we had earlier explained for similar dielectrics i.e. dry sandy soil, oily sandy 

soil and PEC, where the higher the rms height, the higher the reflectivity and vice versa. For 

Figure 4.50 which is for a wet sandy soil, the reverse is the case. The higher the rms height, 

the lower the RCS and vice versa. This is particularly true for wet sandy soils where the less 

rough it is, the higher the reflectivity because a less-rough wet sandy soil surface is somewhat 

likened to a smooth surface, whereas the rougher it is, the lower the RCS due to scattering.  
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Figure 4.47: Dry sandy soil with original rms height of 3.5cm and modified 

surface roughness  

Figure 4.48: Oily sandy soil with original rms height of 3.5cm and modified 

surface roughness  
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Figure 4.49: PEC with original rms height of 3.5cm and several modifications of 

the rms height  

Figure 4.50: Wet Sandy soil with original rms height of 3.5cm and modified 

surface roughness  
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Now we take all the plots in Figure 4.44(a & b) into consideration. CST simulation is performed 

for all the seven subplots and the RCS for the various dielectrics is analysed. Figure 4.51 

shows the RCS plot for both the original rough surface model as well as the modified rough 

surface model for a dry sandy soil. Figures 4.52 and 4.53 show similar plots for a dry sandy 

soil mixed with oil as well as PEC respectively. Similar to the results for the 3.5 cm rms height 

for these dielectrics which have already been discussed, the models with the reduced rms 

heights have a lower RCS compared to the initial models with original rms heights of 7.13 cm. 

Figure 4.54 shows the plot for wet sandy soil and like the results obtained for Figure 4.50, the 

modified rough surface model with a reduced rms height has a higher RCS compared to the 

original rough surface model with a greater rms height of 7.13cm. The implication of this is 

that if oil spills onto a wet rough surface like this, it will be easier to detect the oil spill if the 

surface is less rough than when it is rough because of the reduced RCS for a wet rough 

surface.  

Figure 4.51:  Dry sandy soil with original rms height of 7 cm and modified 

surface roughness 
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 Figure 4.52: Oily sandy soil with original rms height of 7cm and modified 

surface roughness  

Figure 4.53: PEC with original rms height of 7cm and several modifications of 

the rms height  
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Figure 4.54: Wet Sandy soil with original rms height of 7cm and modified 

surface roughness  

Now we shall consider the next rough surface models with an initial or original rms height of 

14 cm prior to being modified and for various dielectrics as shown in Figures 4.45a and 4.45b. 

Figure 4.55 shows the RCS plots for a dry sandy soil for both the original and modified rms 

heights. Figure 4.56 shows the RCS plots for a dry sandy soil soaked with oil for both the 

original and modified rms heights. From both figures, we can see that the rougher the surface, 

the higher the RCS for both cases. The modified rough surface has a reduced rms height, 

therefore, the RCS is lower compared to the original rough surface with rms height of 14 cm. 

The implication of this is that if oil spills onto dry sandy soil, it will be easier to detect the 

leaks/spills if the surface is rougher, an average of about 12 dB difference from when the 

surface is less rough especially at high grazing angles. Figure 4.57 shows the RCS plots for 

a PEC for both the original and modified surface roughness while Figure 4.58 shows the RCS 

plots for wet sandy soil for both the original and modified rms heights. From both figures, it 

can be observed that the rough surface with the modified rms height has a higher RCS 
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compared to the original rough surface with the rms height of 14 cm. The PEC at ‘high’ rms 

heights (14cm compared to 7cm and 3.5cm) behaves like a wet sandy soil surface where the 

RCS is higher at lower rms heights and lower at higher rms heights due to scattering.   

 

Figure 4.55: Dry sandy soil with original rms height of 14 cm and modified 

surface roughness  

Figure 4.56: Oily sandy soil with original rms height of 14cm and modified 

surface roughness 
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Figure 4.57: PEC with original rms height of 14cm and several modifications of 

the rms height  

Figure 4.58: Wet Sandy soil with original rms height of 14cm and modified 

surface roughness  
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Figure 4.46 is now considered, and CST simulations have been performed for these figures. 

Figure 4.59 shows the RCS plots for dry sandy soil with the original and modified surface 

roughness. From the figure, we can see that on the average, the higher the surface roughness, 

the higher the RCS and vice versa. Figure 4.60 shows the RCS plots for the PEC. From the 

figure, we can also see that on the average, the higher the surface roughness, the lower the 

RCS, and vice versa. This is also similar to the results obtained for Figure 4.57. Figure 4.61 

shows the plots for the Wet sandy soil. From the figure, it can also be deduced that the lower 

the surface roughness, the higher the RCS and vice versa. It is also worthy to mention at this 

juncture that the simulation for oil at 21cm did not materialise due to computing requirements 

and limitations in the use of CST and BlueBEAR.  However, I expect the results to be like that 

of the dry sandy soil since they have similar dielectric constants.  

Figure 4.59: Dry sandy soil with original rms height of 21 cm and modified 

surface roughness  
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Figure 4.60: PEC with original rms height of 21cm and modified surface 

roughness  

Figure 4.61: Wet Sandy soil with original rms height of 21cm and modified 

surface roughness 
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Table 4.8 shows a summary of the key findings from the various original rms heights that were 

modified (as a result of oil leakage) for all the various dielectrics.  

Table 4.8: shows a summary of the key findings as well as the RCS trend from 

the modified rough surfaces for the various dielectrics  

Material RCS Trend 
(Modified vs 
Original) 

Max RCS 
(approx) 

Min RCS 
(approx) 

Key Finding 

Dry Soil (3.5 
cm) 

Original 3.5 cm 
shows 
moderate 
RCS; RCS 
decreases as 
RMS height 
reduces; max 
RCS ~ -4 
dB.sqm 

-4 dB.sqm 
(Original) 

-21 dB.sqm 
(Modified 0.5 
cm) 

Higher RMS 
gives stronger 
backscatter; 
smoother 
surfaces 
suppress RCS 

Oil (3.5 cm) Original RCS 
stays highest; 
modified RMS 
(1.73 cm) 
shows sharp 
drop to ~ -30 
dB.sqm 

-5 dB.sqm 
(Original) 

-33 dB.sqm 
(Modified 1.73 
cm) 

Oil makes RCS 
highly sensitive 
to RMS 
change; 
rougher 
profiles 
significantly 
stronger 

PEC (3.5 cm) Original 
maintains > 0 
dB RCS; 
modified RMS 
reduces RCS; 
min ~ -12 
dB.sqm 

2 dB.sqm 
(Original) 

-12 dB.sqm 
(Modified 2.96 
cm) 

PEC retains 
high RCS; 
smooth profiles 
lose reflectivity 

Wet Soil (3.5 
cm) 

Modified RMS 
(2.49 cm) has 
highest RCS; 
original RCS 
lowest at low 
angles 

-4 dB.sqm 
(Modified 2.49 
cm) 

-21 dB.sqm 
(Original) 

Wet soil shows 
peak with 
certain 
modifications; 
original 
underperforms 

Dry Soil (7 cm) Original 7 cm 
peaks near 0 
dB.sqm; RCS 
decreases with 
reduced RMS 

0 dB.sqm 
(Original) 

-18 dB.sqm 
(Modified 4.90 
cm) 

Dry sandy soil 
RCS increases 
with roughness 
even at high 
incidence 
angles 

Oil (7 cm) Original shows 
peak near 0 
dB.sqm; others 
~ -10 to -18 

0 dB.sqm 
(Original) 

-19 dB.sqm 
(Modified 4.90 
cm) 

Oil further 
amplifies RCS 
variability 
across RMS 
changes 
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dB.sqm; 3.09 
cm fluctuates 

PEC (7 cm) Original RCS 
stable around 
2-4 dB.sqm; 
modified 
values dip 
lower 

4 dB.sqm 
(Original) 

-15 dB.sqm 
(Modified 3.09 
cm) 

PEC maintains 
strong signal 
unless 
smoothed; best 
at original RMS 

Wet Soil (7 cm) All modified 
RMS values 
overlap; RCS 
suppression 
consistent 

0 dB.sqm 
(Multiple) 

-22 dB.sqm 
(Modified 5.07 
cm) 

Wetness 
consistently 
suppresses 
RCS, 
regardless of 
surface profile 

Dry Soil (14 
cm) 

Modified 9.57 
cm shows 
strongest RCS 
up to +5 
dB.sqm; lower 
RMS leads to 
decline 

+5 dB.sqm 
(Modified 9.57 
cm) 

-16 dB.sqm 
(Modified 3.5 
cm) 

Increased 
RMS boosts 
RCS; original 
sits mid-range 

Oil (14 cm) Original 
outperforms 
most 
modifications; 
1.89 cm shows 
significant drop 
to -24 dB.sqm 

+5 dB.sqm 
(Original) 

-24 dB.sqm 
(Modified 1.89 
cm) 

Oil sensitivity 
to RMS is 
significant; 
smoother 
surfaces lose 
RCS rapidly 

PEC (14 cm) High variability: 
original stable, 
modified 3.5 
cm drops to -
20 dB.sqm 

+5 dB.sqm 
(Multiple) 

-22 dB.sqm 
(Modified 3.5 
cm) 

PEC maintains 
high RCS with 
roughness; 
smoother 
surfaces 
suppress 
response 

Wet Soil (14 
cm) 

RCS peaks 
with mid-range 
RMS (6.78–
9.07 cm); 
original 
suppressed 
below -10 
dB.sqm 

0 dB.sqm 
(Modified 9.07 
cm) 

-30 dB.sqm 
(Original) 

Wet soil 
benefits from 
moderate 
roughness; 
original RMS 
performs 
poorly 

Dry Soil (21 
cm) 

Original (21 
cm) maintains 
highest RCS; 
14.91 cm next 
strongest; 
others below -
10 dB.sqm 

+6 dB.sqm 
(Original) 

-15 dB.sqm 
(Modified 6.35 
cm) 

Very rough dry 
soil maximizes 
radar return; 
smoothing 
reduces signal 

Oil (21 cm) Original again 
leads; lower 
RMS 
decreases 

+5 dB.sqm 
(Original) 

-17 dB.sqm 
(Modified 
13.59 cm) 

Oil maintains 
RCS strength 
at high RMS; 
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RCS, reaching 
below -15 
dB.sqm 

lower profiles 
underperform 

PEC (21 cm) PEC results 
highly 
fluctuating; 
original 21 cm 
relatively 
stable near 0 
dB.sqm 

+8 dB.sqm 
(Modified 
13.59 cm) 

-15 dB.sqm 
(Modified 3.5 
cm) 

PEC's RCS 
peak not 
necessarily at 
highest RMS; 
profile shape 
matters 

Wet Soil (21 
cm) 

Wet conditions 
suppress all 
RCS; original 
RMS shows 
worst values 
(to -30 
dB.sqm) 

0 dB.sqm 
(Modified 6.35 
cm) 

-32 dB.sqm 
(Original) 

Wetness 
overwhelms 
surface profile; 
consistent 
attenuation 
across angles 

Table 4.9 shows a summary of the average RCS difference in dB between the highest rms 

height and the lowest rms height for various dielectrics  

Table 4.9: shows a summary of the average RCS difference in dB between 

the highest rms height and the lowest rms height for the various dielectrics 

 

Dielectric 

Material  

Varying rms 

heights 3.5cm 

½ m x ½ m 

10° to 80°  

Varying rms 

heights 7 cm 

½ m x ½ m 

10° to 80°  

Varying rms 

heights 14 cm 

½ m x ½ m 

10° to 80°  

Varying rms 

heights 21 cm 

½ m x ½ m 

10° to 80° 

PEC  5dB  8 dB  6 dB   3 dB   

Dry Sandy Soil  8 dB  5 dB diff   9 dB  6 dB  

Wet Sandy Soil  10 dB   5 dB   9 dB      12 dB  

Dry Sandy Soil 

mixed with oil 

12 dB  6 dB  12 dB  -  
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Furthermore, in these recent results, we have seen how the RCS varies with the surface 

roughness of our dielectric materials. Now we shall consider how the frequency we are 

operating at affects our RCS. From our simulations, it has been observed that the lower the 

surface roughness (specifically for 3.5 cm), then the impact of frequency on the RCS of our 

dielectric materials is inconclusive. This can be seen in Figures 4.62 and 4.63 for PEC and 

wet sandy soil respectively. From the figures the RCS fluctuates arbitrarily for each dielectric 

between 1 GHz and 20 GHz and particularly at lower frequencies. We can also see that no 

specific conclusion can be made across all the dielectrics, because at times the RCS 

increases with increase in frequency and at certain angles, while in some other instances, the 

RCS increases with a decrease in frequency. This inconsistency is particularly noted for all 

dielectrics considered as well as the degree of roughness of the surfaces of the dielectrics 

which is 3.5 cm.  

Figure 4.62: PEC with rms height of 3.5 cm and a varying frequency range  
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Figure 4.63: Wet sandy soil with rms height 3.5cm & a varying frequency range  

Now when the surface roughness is increased to 7cm and above, there is a marked difference 

in the relationship between the RCS and the variation in frequency. Figures 4.64 to 4.66 show 

how RCS varies with frequency for a PEC, oily sandy soil, as well as wet sandy soil 

respectively for 7cm rms height. From the figures, we can see that the higher the frequency, 

the greater the RCS and vice versa. The frequencies used varied between 1 GHz and 20 GHz.  
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Figure 4.64: PEC with rms height of 7 cm and a varying frequency range 

 

Figure 4.65: Oily sandy soil with rms height 7 cm & a varying frequency range  
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Figure 4.66:  Wet sandy soil with rms height 7 cm & a varying frequency range  

The implication of this is that when we operate at higher frequencies for very rough surfaces 

i.e. from 7cm and above, it will be easier to detect oil spills and leaks from that rough surface 

than if we operated at lower frequencies. Figures 4.67 to 4.70 show the relationship between 

the RCS and varying frequency for 14cm rms height for all dielectrics. Due to computational 

restrictions, we were not able to simulate 20 GHz for the oily sandy soil surfaces and therefore 

not included in the analysis.  
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Figure 4.67: PEC with rms height of 14 cm and a varying frequency range 

 

Figure 4.68: Dry sandy soil with rms height 14 cm & a varying frequency range 
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Figure 4.69: Oily sandy soil with rms height 14 cm & a varying frequency range  

 

Figure 4.70: Wet sandy soil with rms height 14 cm & a varying frequency range  
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Now we shall look at how the RCS varies with frequency for a rough surface with rms height 

of 21cm. Figures 4.71 to 4.73 show how RCS varies with frequency for PEC, dry sandy and 

wet sandy soils. Due to computational restrictions for such heavy models at 21 cm, simulations 

at 20 GHz were only performed for PEC. Therefore, the analysis involving other dielectrics will 

stop at 10 GHz. The frequency used was between 1 and 20 GHz for PEC. From the figures, 

we can see that the higher the frequency, the greater the RCS and vice versa.  

 

Figure 4.71: PEC with rms height of 21 cm and a varying frequency range  
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Figure 4.72: Dry sandy soil with rms height 21 cm & a varying frequency range  

Figure 4.73:  Wet sandy soil with rms height 21cm & a varying frequency range 
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Table 4.10: shows a summary of the average difference in magnitude between 

the highest frequency and the lowest frequency for the various dielectrics 

 

Dielectric 

Material  

Varying freq 

for 3.5cm  

½ m x ½ m 

10° to 80°  

Varying freq 

for 7 cm  

½ m x ½ m 

10° to 80°  

Varying rms 

heights 14 cm 

½ m x ½ m 

10° to 80°  

Varying rms 

heights 21 cm 

½ m x ½ m 

10° to 80° 

PEC  Inconclusive    8 dB   6 dB  10 dB  

Dry Sandy Soil  --  6 dB   7 dB diff  5 dB  

Wet Sandy Soil  5 dB    4 dB  5 dB     6 dB  

Dry Sandy Soil 

mixed with oil 

-   11 dB  10 dB  -  

 

4.8. Summary  

In this chapter, we have looked at the theoretical and analytical development of a rough 

surface model, as well as the mathematical equations leading to the creation of a random 

rough surface. Preliminary simulation results of the rough surface model have been 

extensively discussed and thoroughly analysed. The RCS analysis of common objects like a 

flat plate or sphere have also been calculated as well as its implications. Taking it a step 

further, the RCS analysis for a lossless rough surface e.g. PEC was also calculated and 

extensively analysed. The results obtained tallies with what is obtainable in literature. 

Furthermore, the RCS analysis of a lossy rough surface e.g. sandy soil was also calculated 

and thoroughly analysed. The dielectric parameters of sand were defined and utilised in the 
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simulation. The results show a trend or relationship between the roughness of a lossy surface 

and the reflectivity from a rough surface. Other parameters such as frequency as well as its 

relationship with the reflectivity from a rough surface was also discussed and its implications 

extensively analysed. It is noteworthy to also mention that the results of the parameters (such 

as correlation lengths, rms heights etc) after simulation agreed in principle with the parameters 

of the rough surface model prior to simulation which implies these results can be relied upon. 

Finally, the RCS of various dielectric materials was extensively analysed and discussed. As 

envisaged, the RCS for larger surface areas was higher compared to smaller surface areas. 

Also, the RCS increased as the angle of illumination increased and vice versa. Similarly, as 

the number of surface points increased, the RCS decreased and vice versa. Some of the 

results in this section also indicate that as we fill up the surface with oil, the reflectivity 

decreases by a lot i.e. about 5 dB for a 7 cm rough surface and about 10 dB for a 14 cm rough 

surface.  
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Chapter 5. EXPERIMENTAL PLAN / SET -UP  

In the experiment, the radar cross section (RCS) of rough surfaces specifically sandy soil 

samples have been studied at microwave frequencies, specifically at 10 GHz and much later 

at 24 and 77 GHz. The measurements were characterised by measuring the ratio of the 

reflected signals from a reference target (e.g. a sphere or corner reflector) at first before 

measuring the ratio of the reflected signals from the dry soil sample. The effect of obscurants 

such as water or /and oil on the RCS or reflectivity of the soil sample was also measured and 

analysed. The measurements were compared to theoretical models (where obtainable), and 

they demonstrated a reasonable agreement. Water is the most common obscurant in both 

indoor and outdoor applications, but vegetable oils (with different dielectric properties) was 

also used as an obscurant. The essence of using vegetable oils is to mimic the reflectivity of 

typical oil from sandy soil when it is now perhaps soaked with refined Premium Motor Spirit 

(PMS) leaking out of a network of pipelines. The ultimate essence of this work is for my radar 

to be able to measure and analyse the differences in the RCS of a soil surface with oil 

(probably emanating from oil leaks/spills from pipelines) as well as another soil surface without 

oil with a view to detecting oil leaks/spills in pipeline infrastructure real-time. These 

experiments concentrated on the different levels of reflectivity obtained from different volumes 

or quantities of oil mixed with the soil sample. The reflectivity obtained when oil and water are 

also mixed and contained in a soil sample will also be investigated and analysed. When oil is 

contained in a soil sample, and depending on the roughness of the soil, the RCS results 

showed poor reflectivity because of the dry lossy rough surface and this reflectivity increased 

with increase in volume or quantity of oil or water being introduced or added to the soil sample. 

The results also showed higher signal reduction with increasing frequency for a dry soil sample 

because of scattering and back reflections from the dry lossy rough surface. Furthermore, for 

a dry soil sample mixed with water or oil, the reflectivity at increasing frequency increased with 

corresponding increase in the volume or quantity of oil or water being added to the sample. 

For outdoor experiments, the performance of the radar sensors in terms of obtaining the 
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reflectivity in the presence of different contaminants like mud, grit, leaves etc. as well as 

various weather conditions like rain, fog, snow etc. has also been investigated and discussed.   

5.1. Measurement Methodology  

The measurement methodology is based on the direct implementation of the radar principle 

i.e. considering explicitly the ratio of the signal strength reflected from a reference target or 

the soil sample (with or without oil/water) without obstructing the signal received at normal 

incidence. The coefficient of the surface was measured first after calibrating the sphere (or 

corner reflector), before starting the actual measurements. A rough sketch of the 

measurement setup is as shown in Figure 5.1. The monostatic radar consisting of collocated 

transmit and receive antennas is positioned vertically and is pointing downwards. The transmit 

and receive signals are shown by 𝑃𝑡 and 𝑃𝑟 in Figure 5.1. A reference target – a corner 

reflector – with a known RCS was characterised prior to commencing the measurements with 

the soil sample. A sample of the sandy soil surface is placed on a holder (as shown) and 

placed under the monostatic radar in the path of the signal. A sample holder (in my case a flat 

tray made of plastic) that is sufficiently rigid to provide a stable and robust platform and does 

not sag under the weight of the sample was provided. This was also replaceable after each 

measurement (in scenarios or cases where different soil samples with peculiar characteristics 

are to be investigated). Other important characteristics for the sample holder are low reflection 

and low attenuation of the signal that require having a thickness equal to an integer of half–

wavelength, low refractive index, and low loss tangent. After the initial measurements where 

the antenna is perpendicular to the soil sample, the dry sandy soil sample which is placed/laid 

flat on the sample holder also has the antenna ultimately rotated in such a way that the 

direction of propagation of the signal or the grazing angle will vary from 0° to 90° with respect 

to the stationary/flat surface using a spirit-level & protractor to correctly change these angles. 

So, at first, initial measurements will involve the antenna been placed at 90° (perpendicular to 

the surface), about 45° and at 5° (almost parallel to the surface) in such a way as not to 

obscure the radar beam. Subsequent measurements will be then made in graduations of 10° 
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for each measurement. The area that the sample needs to cover should be greater than the 

footprint of the illuminating beam, defined by the 3-dB roll-off of the radiation pattern, to 

guarantee that most of the energy gets to the soil sample. An advantage of this simple setup 

(as described in Fig. 5.1) is that different soil samples (based on different roughness 

parameters as well as sizes of sand particles, also different soil classes/types) can be 

introduced without requiring further alignment.  

 

 

 

 

 

  

 

Figure 5.1: General Measurement set-up for the radar reflectivity analysis of 

sandy soil  

The measurements were conducted using the radar equipment and systems in the laboratory. 

The specifications and suitability of the Vector Network Analysers (VNAs) as well as the 

antennas were extensively analysed and thoroughly assessed prior to the commencement of 

the experiment. The possible risks in the measurement setup as well as the suitability of the 

measurements for the entire experiment were conducted, thoroughly assessed, and 

subsequently approved. Excerpts from these risk assessments have been attached to the 

appendix in this thesis.  

Soil Sample 

Sample Holder  

Antenna 

PR PT 
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Reflection coefficient or RCS measurements are sensitive to surface roughness. One of the 

challenges encountered in this experimental phase of the project or the measurements 

especially for the outdoor scenario was to quantify the impact of evaporation on the oil or water 

that would have diminished if the RCS measurements were conducted over a longer period 

(say over an hour), as the volume or quantity of water or oil present in the soil sample should 

have an effect on the reflectivity been measured or analysed.  

The expected process of water (or oil) evaporation during multiple outdoor measurements will 

change the RCS values and should be taken into consideration during analysis. The disparities 

in the RCS measurement results for indoor scenarios should not be so evident but should be 

technically similar, compared to the outdoor measurements and analyses [107].  

The measurement results from the experiment would also be thoroughly analysed and 

extensively discussed as we progress in this thesis. The RCS of the soil sample can also be 

obtained by utilising Equation 5.1 below:  

𝑅𝐶𝑆𝑆𝑎𝑚𝑝𝑙𝑒(𝑑𝐵) = 𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑅𝐶𝑆𝑅𝑒𝑓 − 𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑅𝐶𝑆𝑅𝑒𝑓 − 𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑅𝐶𝑆𝑆𝑎𝑚𝑝𝑙𝑒           (5.1) 

5.2. Calibration of Experimental Set – Up  

In terms of calibration, preliminary calibration was conducted using the portable Field Fox VNA 

(N9918A) and two horn antennas (transmit and receive) facing the object that would be used 

for calibration, in this case, a sphere with a defined radius. Figure 5.2 shows the setup used 

for this preliminary calibration with a sphere of 13.35cm radius placed on an area of 3.6m x 

3m which is the area of illumination categorised for this purpose. The horn antennas are 

wideband antennas with a gain range of approximately 1.3 to 12.8 dBi depending on 

frequency. For this research, they were operated at a gain of 8.1 dBi, corresponding to a 

frequency of around 10 GHz with a 3dB beamwidth of between 40° and 60° for both E and H 

planes. The specification sheet for the antenna has been attached to the appendix which 

provides further details. Three spheres were used in the preliminary calibration at different 

times and the reflectivity of the sphere obtained via experiment or calibration was compared 
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to the cross-sectional area of the target (in this case the sphere). The values of reflectivity 

obtained from experiment agreed with the theoretical values of the cross-sectional area for 

these spheres.     

 

Figure 5.2: Experimental layout for Preliminary Calibration  

 

From the experiment and using a sphere of radius 13.35 cm, the S21 parameter which is the 

ratio of the received power 𝑃𝑅 to the transmit power 𝑃𝑇 is about - 60.5 dB as shown in Figure 

5.3. The distance between the antenna and the sphere is about 1.03m and using the 

parameters earlier described for the antenna and the VNA, then the cross-sectional area of 

the sphere can be calculated using the radar equation and calculating for the cross-sectional 

area as shown in Equation 5.2.   



173 
 

 

Figure 5.3: 13.35cm sphere at 1.03 m from the antennas and IF BW of 10kHz  

𝜎 =
𝑃𝑅(4𝜋)3𝑓2𝑅4

𝑃𝑇𝐶2𝐺2
 

(5.2) 

From the above calculation, the cross-sectional area of the sphere is therefore obtained to be 

– 12.75 dBsqm. The distance between the antenna and the sphere was also increased to 

about 3m and the cross-sectional area of the sphere obtained at this distance of 3m was about 

– 12.2 dBsqm.  

To calculate the RCS theoretically, the RCS of a sphere is given by Equation 5.3 as  

𝜎 = 𝜋𝑟2 
 

(5.3) 

where 𝑟 is the radius of the sphere and given as 13.35 cm. From Equation 5.3, the theoretical 

cross-sectional area of the sphere is therefore obtained to be – 12.52 dBsqm which is very 

similar to the experimental RCS calculated for the same sphere for both a 1m and a 3m 

distance from the antenna.  

For a radius of sphere 6.15cm, the S21 parameter i.e. the ratio of 𝑃𝑅 to 𝑃𝑇 was obtained to 

be about – 69.08 dB for a distance of 1.11m between the antenna and the sphere as shown 

in Figure 5.4.  
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Figure 5.4: 6.15 cm sphere at 1.11 m from the antennas and IF BW of 1 kHz  

This ratio was also obtained to be about – 85.34 dB for a distance of about 3m between the 

antenna and the sphere. By using equation 5.2 again, the RCS of the sphere was obtained to 

be about – 20.03 dBsqm and – 19.02 dBsqm respectively. When these values are compared 

to the theoretical cross-sectional area of the sphere using equation 6.3, the values are quite 

similar as the theoretical cross-sectional area of the sphere is obtained to be about – 19.25 

dBsqm. Calibration using targets with known RCS will help us in the actual experiment.  

For a much smaller sphere of radius 3.2 cm, the ratio of 𝑃𝑅 to 𝑃𝑇 was obtained to be about – 

76.60 dB for a distance of 1.2m between the antenna and the sphere as also shown in Figure 

5.5. Using equation 5.2, the RCS of the sphere is therefore obtained to be – 26.2 dBsqm. The 

theoretical RCS value obtained from equation 5.3 is – 24.9 dBsqm. When these two values 

are compared, we can see that it gives a very close correlation which implies the calibration 

can be relied upon and the experiment can thus be conducted.  
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Figure 5.5: 3.2 cm sphere at 1.2m from the antennas and IF BW of 10 kHz 

It is pertinent at this juncture to state that the value for S21 obtained for the various spheres 

and at the various distances was an average of at least ten repeated measurements for each 

scenario and the values from these measurements were closely related prior to being 

averaged. Thus, the average obtained for the S21 parameters in each case is correct and can 

be relied upon for the experiment.  

Table 5.1 shows the calibration results for spheres of different dimensions as well as the 

values obtained when the RCS is calculated theoretically. From this Table, we could see that 

both experimental and theoretical RCS values align with each and in line with what’s expected. 

The distance between the sphere and the antennas is about 1.20m and the S21 parameter is 

obtained for spheres of different radii from which the experimental RCS is calculated.  
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Table 5.1: Calibration results for spheres of different dimensions  

Radius (cm) Range (m) S21 (dB) RCS (dBsq.m) 

Experimental 

RCS (dBsq.m) 

Theoretical 

23.80 1.25 - 59.07 - 7.96 - 7.50 

17.10 1.20 - 60.82 - 10.42 - 10.37 

13.35 1.25 - 63.84 - 12.73 - 12.52 

6.75 1.20 - 66.68 - 16.28 - 18.44 

6.15 1.20 - 68.00 - 17.59 - 19.25 

 

From the figures in Fig. 5.3 – 5.5, Gaussian windowing is applied to each of these figures to 

assist with a bit of filtering of these calibrated signals. The Gaussian window applied to the 

calibrated reduces the magnitude of the signals but makes the calibrated signals smoother 

and more useful for our analyses. Figures 5.6 - 5.8 show when Gaussian window has been 

applied to the calibration setup for Figures 5.3 - 5.5 respectively.  
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Figure 5.6: 13.35cm sphere 1.03m from antennas - Gaussian window applied 

Figure 5.7: 6.15cm sphere 1.11m from antennas - Gaussian window applied 
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Figure 5.8: 3.2cm sphere at 1.2m from antennas - Gaussian window applied 

5.3. Measurements using the 3 Rough Surface Profiles in Oil  

Now in continuation of the experiment, three rough surface profiles were developed so they 

can be used to mimic a rough surface on a sandy soil for the experiment. To accurately 

replicate rough surfaces on sandy soil for the experiment, three distinct rough surface profiles 

were designed using CAD software, corresponding to rms roughness heights of 3.5 cm, 7 cm 

and 14 cm, as shown in Figures 5.9 – 5.11. Each profile was modelled as a repeating triangular 

wave pattern with precise dimensions to ensure consistency in amplitude and wavelength. 

These CAD models were then fabricated into physical prototypes using 3D printing and laser 

cutting techniques, which were subsequently applied to trays filled with sand to imprint uniform 

roughness patterns. To verify that the intended roughness was achieved, ground-truth 

measurements were conducted using vernier callipers and profilometers to confirm that the 

height of the peaks and valleys matched the designed specifications (e.g. 35.07 mm, 70.13 

mm, and 139.99 mm). Additional visual inspections and repeatability tests were performed to 

ensure that the profiles remained consistent across multiple trays. This approach provided a 

reliable and controlled method for generating uniform surface roughness, enabling the 

experiments to be repeatable and the results to be trustworthy. Therefore, comparison could 
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be made between experimental and theoretical (simulation) outcomes, ensuring a robust 

validation process and the results can be relied upon. The oil which would now be introduced 

at various levels and quantities for all the surface profiles would also be repeated theoretically 

in CST so both results i.e. experiment & modelling can be compared & analysed.  

 

Figure 5.99: 3.5 cm rough surface profile   

 

Figure 5.100: 7 cm rough surface profile   
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Figure 5.11: 14 cm rough surface profile   

These rough surface profiles were used in the experiments and the results would be elucidated 

upon as we progress in this thesis.  

Meanwhile, before we commence the experiment, we would have to calibrate the setup. The 

initial set of measurements were conducted in the anechoic chamber. A photo of the 

experimental setup is shown in Figure 5.12. The anechoic chamber was used for these 

measurements because there was much reduced back reflections compared to if the 

measurements were taken in an open lab space because of the wideband antennas used.   
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Figure 5.12: Experimental setup inside the anechoic chamber    

Figure 5.13 shows the initial calibration results of the tray when filled with sand. The tray is 1m 

in length and is positioned between 1.2 m to 2.2 m along the range axis of the plot. To enhance 

the dielectric properties and improve reflectivity, a controlled amount of water was added to 

the sand. Specifically, the sand was moistened to achieve a defined water content level, 

thereby increasing its permittivity and enabling more precise electromagnetic measurements 

during calibration. Figure 5.14 shows the calibration result of the tray under this moist/wet 

sand condition. In both measurements, a minimum of 10 iterations were conducted for 

consistency, and the average values were computed and plotted. A comparison of figures 5.13 

and 5.14 reveals that the signal amplitude increased by approximately 5 dB between 1.2 m 

and 1.8m under moist conditions, indicating improved reflectivity due to the increased 

dielectric constant of the moist/wet sand. This observation does not contradict earlier findings 

regarding surface roughness and RCS. It is important to emphasise that for wet sandy soil, 

smoother surfaces tend to yield higher RCS values due to enhanced coherent reflection, 

whereas for dry sandy soil, rougher surfaces exhibit higher RCS owing to increased diffuse 

scattering. Thus, the improved reflectivity observed with moist sand in Figure 5.14 aligns well 

Tray  

Antenna   

Target    
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with the theoretical expectations and contributes to more sensitive and accurate calibration of 

the experimental setup.   

 

Figure 5.133: Tray filled with flat dry sand – average    

 

Figure 5.144: Tray filled with flat sand and slightly wet – average    
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The 3 rough surface profiles are used to make rough surfaces on the tray filled with sand. 

Figure 5.15 shows the rough surfaces created by the 3.5cm rough surface profile, while Figure 

5.16 shows the rough surfaces created by the 7 cm rough surface profile. When both figures 

are compared, we can see that between the 1.4m and 2m where the tray filled sand is, the 

magnitude of the rough surface increased by an average of about 8 dB between the 7 cm 

rough surface and the 3.5 cm rough surface profiles. The implication of this is that when 

measurements are taken, it would be easier for the oil spills and leaks to be detected from a 

rougher surface (in this case the 7 cm rough surface profile) than from a ‘not so rough’ surface 

(in this case the 3.5 cm rough surface profile). This is also in tandem or agreement with our 

simulations or modelling results which states that for a dry sandy soil, the rougher the surface, 

the greater the RCS or reflectivity and vice versa. This also implies that our experimental and 

modelling results agree with each other as the experiment and modelling validate each other. 

Figure 5.17 shows the rough surfaces created by the 14 cm rough surface profile. A cursory 

look at the figure between 1.4m and 2 m shows three ‘peaks or sharp edges’ which coincide 

with the edges or ridges formed when the 14 cm rough surface profile is dragged across flat 

sand on the tray. Also 10 iterations were made for each plot & the averages plotted accordingly 
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Figure 5.155: Tray filled with dry sand and surface roughness 3.5 cm – average    

 

Figure 5.166: Tray filled with dry sand and surface roughness 7 cm – average    
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Figure 5.17: Tray with dry sand and surface roughness 14 cm – average    

Now these four plots (Figures 5.14 – 5.17) are combined, and Blackman windowing technique 

applied to it to yields Figure 5.18. From the figure, we can see immediately how the various 

rough surface profiles vary and relate with each other especially within the area of interest i.e. 

1.5m and 2m. We can see that the 14 cm rough surface profile has the highest average 

magnitude as expected, and the ‘flat’ profile has the lowest. This aligns with theory where the 

rougher the surface, the higher the reflectivity for a rough surface and the lower the reflectivity, 

the ’smoother’ the surface for a rough surface. This is also buttressed in Table 5.2 where the 

average for each profile has been calculated. The results agree with what was expected and 

in line with the modelling results. The average before windowing and after windowing was 

calculated and as expected for each dielectric material, the average after windowing has a 

better response because of the filtering applied to the raw output. In addition, we can also see 

that there is a progressive increase in the reflectivity from dry sand to 14 cm surface 

roughness.  
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Figure 5.18: Tray filled sand with varying surface roughness and Blackman 

window applied     

Table 5.2: Comparison of average for various dielectrics with windowing tech.  

Material / Dielectric  1.5m & 2.0 m  

Before windowing  

1.5m & 2.0 m  

After windowing  

Tray filled with sand – dry  - 86.70 dB  - 94.32 dB  

Tray filled with sand – wet  - 86.11 dB  - 93.99 dB  

Filled tray with 3.5 cm rms height  - 77.20 dB  - 84.11 dB  

Filled tray with 7 cm rms height  - 75.18 dB  - 80.80 dB  

Filled tray with 14 cm rms height  - 74.78 dB  - 80.53 dB  
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Now when the rough surfaces have been created on the sand filled with tray, the next step is 

to pour oil on the various rough surfaces and extract the reflectivity or RCS of oil based on 

that rough surface profile. This shall be further discussed in this section. The oil was also 

poured on just one half of the tray so that the other half which does not have the oil can be 

used as a sort of ‘control’ for the experiment. The control refers to the half of the tray that does 

not have oil applied to it (the dry surface). This dry half serves as a baseline or reference 

condition against which the effect of oil on the rough surface can be measured or compared. 

By keeping one half of the tray dry, you can isolate and observe the changes in reflectivity or 

RCS that are specifically due to the presence of oil on the other half. This helps in 

understanding the influence of the oil layer on surface reflectivity by providing a direct point of 

comparison. If you have oil covering one half of the tray and no oil on the other half, the 

reflectivity results will exhibit clear differences between the two regions due to change in 

dielectric properties and surface roughness introduced by the oil layer. For the half with no oil 

(dry surface), the reflectivity will be determined purely by the rough surface of the tray and its 

material properties. Also, the roughness will scatter the incident waves more diffusely, 

reducing specular reflection. However, for the half with oil (wet surface), the presence of oil 

alters the surface’s dielectric properties, increasing the effective permittivity of the interface. 

Since oil typically has a higher permittivity than air, reducing the impedance mismatch between 

the surface and the incident wave, this can lead to lower reflectivity at certain angles or an 

increase in reflection at specific frequencies, depending on the oil’s thickness and electrical 

properties. The oil may also smoothen the rough surface, leading to reduced scattering and 

potentially a higher specular reflection component. In summary, this setup is indeed interesting 

because it allows for a direct comparison of how the presence of oil affects wave interactions 

with a rough surface. The difference in reflectivity between the two halves is therefore 

leveraged in oil spill detection as well as remote sensing applications.  

The oil that was used thru out the experiment was vegetable oil from a retail shop as the use 

of crude oil is prohibited in the laboratory space because of carcinogens as well as other health 
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and safety related risks. The vegetable oils are not normally considered hazardous in the 

quantities involved. Vegetable oils and crude oils differ significantly in their chemical 

composition, physical properties, and environmental impact which makes vegetable oils a 

safer and more suitable option especially for indoor experiments.  

In terms of composition, vegetable oils are composed mainly of fatty acids and glycerol, they 

are biodegradable and non-toxic whereas crude oils are a complex mixture of hydrocarbons, 

often containing toxic and carcinogenic compounds. Vegetable oils also have low volatility and 

minimal toxicity, which makes them safer for indoor use; whereas crude oils have high 

volatility, releasing harmful vapours that pose health risks in confined spaces. In terms of the 

environmental and health impacts, vegetable oils are biodegradable and non-hazardous, 

thereby reducing risks of contamination or hazardous waste disposal; whereas crude oils are 

persistent pollutants that can cause severe environmental and health hazards. Furthermore, 

vegetable oils are less flammable than crude oil, with higher flash points; whereas crude oils 

are highly flammable and pose fire hazards in indoor settings. As a result of all the above, 

vegetable oils are ideal substitutes for crude oils in experiments related to oil spills and leaks 

behaviour. By using vegetable oils instead of crude oil, especially for indoor experiments, we 

can ensure safer, environmentally friendly and controlled indoor experimental conditions 

without compromising on the relevant study outcomes. Besides, after each experiment, the 

contents of the tray were disposed properly and the area cleaned up.  

Also in the modelling, it was oil that was used in the simulation to give a sort of semblance to 

the oil used in the experiments. It is also worthy to note at this juncture that the sand in the 

tray is placed in such a way that the ‘ridges or profile’ is perpendicular to the propagation of 

the electromagnetic wave from the antenna. This was done to allow for maximum echoes 

reflected from the ridges as opposed to if the profile was parallel to the electromagnetic waves 

from the antenna.             
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5.4. Experimental Verification of Theoretical Results  

Now the white horn antennas and the portable Field Fox Vector Network Analyser (Field Fox 

VNA N9918A) was used to perform an experiment for the rough surface profile of 3.5 cm 

where the sand has been soaked with oil. The antennas were placed at an angle of 41° to the 

tray. Figure 5.19 shows a tray of dry sand with a rough surface profile of 3.5 cm, where half of 

the sand in the tray has been soaked with oil.  

 

Figure 5.19: Rough surface profile with 3.5cm rms height and oil applied to 

half of the surface  

The sand was first sprayed with oil to keep the profiles in check or ‘in shape’ once the rough 

surface profile has been dragged thru the sand to form a rough surface. Three litres of 

vegetable oil was applied on three different occasions on one half of the tray as shown in the 

result in Figure 5.20. The oil covered from about 1.25m to 1.7m on the plot which is equivalent 

to about half of the dimensions of the tray. The edge of the tray is at about 2m on the plot. 

From the plot, we can also see that as the oil is applied, the reflectivity reduces as the quantity 

of oil increases. In the first instance which is called ‘applied oil 1st’ on the plot, a litre of oil was 

applied to the rough surface; and a litre of oil is always applied to the rough surface at each 

instance as shown in the plot. It is important to note that the observed reduction in reflectivity 
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with increasing oil application does not contradict the earlier simulation results. In fact, it aligns 

well with them. As previously established in the simulations, surfaces with higher rms heights 

(i.e. rougher surfaces) exhibited higher RCS, while modified surfaces with reduced rms heights 

– such as those influenced by oil spillage – showed lower RCS. Similarly, in the experimental 

setup, the application of oil smoothens the surface, effectively reducing the surface roughness 

and consequently lowering the reflectivity. This consistent trend between the simulation and 

experimental results reinforces the validity of our observations.  

 

Figure 5.20: Various applications of oil on sand for 3.5cm rough surface profile  

At about 1.68 m, the magnitude of the dry sandy soil that has been sprayed with oil is – 56.5 

dB, while the magnitude is about – 60.05 dB the first time the oil was applied. It further reduced 

to – 61.05 dB for the second application of oil and – 62.5 dB for the third application of oil. 

Using the radar equation, the cross-sectional area of the target is obtained to be about – 0.25 

dBsqm for the dry sandy soil (without oil). The cross-sectional area of the target for the 3rd 
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application of oil is however obtained to be about – 6.25 dB sqm. This RCS value is compared 

to the average RCS for oily sandy soil and the average RCS is about – 6.38 dBsqm for 

modelling results on CST. From this RCS value, we can see that the experimental results 

tallied with the modelling results which also gives credence to this work as well as theory. 

Figures 5.21 and 5.22 show the mean of 5 trials for dry sandy soil as well as when the sandy 

soil has been soaked with oil (which mimics the 3rd application of oil in this instance for the 

experiment). From both plots, we can also see that the oily sandy soil has a lower magnitude 

than the dry sandy soil which agrees with what is expected.  

 

Figure 5.21: Mean of 5 trials for dry sandy soil with rms height 3.5cm @ 10 GHz  
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Figure 5.22: Mean of 5 trials for Oily sandy soil with rms height 3.5cm @ 10 GHz  

Although the difference in RCS between dry and oily sandy soil appears relatively small, this 

aligns with expectations due to the modest change in dielectric properties and partial surface 

smoothening. The observed reduction in reflectivity, albeit subtle, is consistent with theoretical 

and simulation predictions that oil reduces effective surface roughness and impedance 

mismatch, thereby influencing scattering behaviour. In electromagnetic studies, even small 

dB-level changes in RCS are significant and represent measurable physical effects.  

Table 5.3 shows the comparison between the experimental and simulation RCS values 

between 1.5m and 2m for a dry sandy soil that has been soaked with oil. The RCS at 1.68 m 

for the experiment is – 6.25 dBsqm which was obtained via calculations using the radar 

equation and the magnitude of the S21. The theoretical RCS value obtained from simulation 

is about – 6.20 dBsqm which aligns with the results obtained from the experiment.  
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Table 5.3: Comparison of RCS values for oily sandy soil for experiment and 

simulation   

Sandy Soil Range (m) S21 (dB) RCS (dBsqm) 

Experimental 

RCS (dBsqm) 

Simulation 

Dry Sandy soil 1.68 - 56.50 -0.25  -5.10 

With 3rd appl. of oil  1.50 - 72.05 -17.72 -6.20 

With 3rd appl. of oil 1.60 -69.00 -13.60 -6.20 

With 3rd appl. of oil 1.68 -62.50 -6.25 -6.20 

With 3rd appl. of oil 1.70 -63.50 -7.05 -6.80 

With 3rd appl. of oil 1.80 -64.00 -6.56 -7.05 

With 3rd appl. of oil 1.90 -66.50 -8.12 -8.00 

With 3rd appl. of oil 2.0  -61.50 -2.22  -5.50 

When Figure 5.20 is zoomed into, Figure 5.23 is obtained which shows a more detailed plot 

of the experimental results between 1.6m and 1.90m. Figure 5.24 shows the average of each 

dielectric between 1.6 m and 1.90m. From the plot, we can see that the reflectivity reduces as 

the application of oil increases. There is about a 3 dB difference between dry sandy soil and 

the second application of the oil on the 3.5 cm rough surface. This difference should get bigger 

as the surface roughness increases or the quantity of oil increases. When Figures 5.21 and 

5.22 are combined, which are for the theoretical /simulation results, Figure 5.25 is obtained. 

From the Figure, we can see that the oily sandy soil has a higher reflectivity compared to the 

dry sandy soil at the angle of interest i.e. 41°. The values of RCS obtained for both dielectrics 

also tally with the RCS values in Tables 5.3 which has also been thoroughly discussed.  
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Figure 5.23: Various applications of oil with rms height 3.5 cm and between 

1.6m and 1.9m   

 

Figure 5.24: Average of each dielectric between -55dB and -75dB and 

between 1.6m and 1.9m   
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Figure 5.25: Mean of 5 trials for both dry & oily sandy soil at 3.5cm rms height 

Furthermore, when Figure 5.20 is zoomed into, Figure 5.26 is obtained which shows a more 

detailed plot of the experimental results between 1.2m and 1.90m. From this figure, we can 

see that the section of the tray which has the oil has a bigger difference in magnitude (about 

7 dB) between the dry sandy soil as well as the oily sandy soil compared to about an average 

of 2 – 3 dB for the area where there is no oil i.e. 1.6 to 1.9m and as previously analysed. Figure 

5.27 therefore shows the average of each dielectric between 1.2 m and 1.50m. From the plot, 

we can see that the reflectivity reduces significantly (i.e. 6.4 dB) as the application of oil 

increases. There is about a 6.4 dB difference between dry sandy soil and the final application 

of the oil on the 3.5 cm rough surface between 1.2m and 1.5m. This difference should get 

bigger as the surface roughness increases or the quantity of oil increases as well. When figure 

5.24 is compared to figure 5.27, the part where the oil spread has a bigger difference in 
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magnitude compared to the other half of the tray without the oil. The difference in magnitude 

of the reflectivity for both cases is in line with what was expected.  

 

Figure 5.26: Various applications of oil with rms 3.5cm & between 1.2m & 1.9m   

 

Figure 5.27: Average of each dielectric between -55dB & -75dB between 

1.2m & 1.5m   
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The results of the experiment were critically analysed further, and we got to the conclusion to 

change the hardware. Because we were working with a vector network analyser (VNA) at so 

short a range, our echo signals were being masked under the sidelobes of the leakage FMCW 

signal. Instead, a pure pulse signal of 1ns duration is used together with two standard gain 

horn antennas of 20 dB gain each (Standard gain horn Model 12240-20 Flann Microwave). 

These high gain antennas have practically no leakage between them, as well as the fact that 

the leakage and return signals are separated in time. The current white horn antennas being 

used are wide band, with lots of leakage between both transmit and receive antennas and 

therefore incorporates lots of noise and unwanted reflections. Due to the fact the system 

operates at 4 GHz for most of the time, which is about 7.5 cm wavelength, then it is expedient 

to use just two rough surface profiles for the experiment which are the 7cm and 14cm rough 

surface profiles. Figure 5.28 shows the experimental setup in the anechoic chamber with the 

antennas tilted at an angle.  

 

Figure 5.28: Experimental setup with the standard gain horn antennas  
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The radar is put on and allowed to warm up for at least an hour. Three different spheres with 

diameters 50 cm, 20 cm and 12 cm are placed on the tip of the absorber one by one and used 

for calibrations. The data have been recorded in a proper format and the amplitude ratio 

corresponds to the RCS of the spheres. An empty tray surrounded by the absorber is placed 

in the path of the antennas and the reflection is recorded. The antennas which have a narrow 

beamwidth of 20° and gain of 20 dB are placed at a grazing angle of about 45°. The slant 

range between the antennas and tray is about 1.6m. To evaluate the antenna footprint at this 

range using a beamwidth 20° results in an antenna footprint diameter of 0.56m. The tray is 

then filled with dry sand to the top and the data is recorded. The smallest sphere with diameter 

of 12 cm is placed in the middle of the tray and the data is recorded. Same goes for the 

medium sized sphere with a diameter of 20 cm as well as the largest sphere of diameter 50 

cm. Figure 5.29 shows the calibration results for flat sand after it has been integrated with 200 

pulses as well as filtered. The far edge of the tray is at 71 ns while the tray on the ground 

covers from about 66 ns to about 72 ns. This 6 ns difference results in a 0.9m in range using 

this formula where R = C x T / 2   

 

Figure 5.29: Calibration results for flat dry sand   
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Figure 5.30 shows the calibration results for the big sphere with diameter of 50 cm placed on 

the dry flat sand. The bigger peak shows where the sphere is on the tray, while the other peak 

is the edge of the tray which appears to have been slightly shifted due to the big sphere. Figure 

5.31 shows the calibration results for the medium sphere with diameter of 20 cm placed on 

the dry flat sand. The position of the sphere corresponds to about 66 ns from the plot while 

the other major peak at 71 ns corresponds to the edge of the tray.  

 

Figure 5.30: Calibration results for a big sphere with diameter 50 cm 

 

Figure 5.31: Calibration results for a medium sphere with diameter 20cm    
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Figure 5.32 shows the calibration results for the smallest sphere of 12 cm diameter placed on 

the dry flat sand. The peak at about 67 ns shows the position of the smallest sphere while the 

bigger peak at about 71ns shows the far edge of the tray as previously discussed.  

 

Figure 5.32: Calibration results for smallest sphere with diameter of 12cm on 

dry sand   

After this set of calibration, the flat sand was made slightly wet with sprayed oil to keep the 

ridges of the rough surface in check once the rough surface profile has been dragged across 

the sand tray. Rough surface profiles were now made using the 7 cm and 14 cm rough surface 

profiles. The calibration results have been discussed and extensively analysed and the next 

set of experiments which involves the impact of oil on various rough surface profiles will also 

be discussed and extensively analysed.  

Figures 5.33, 5.34 and 5.35 show the sand profiles for dry flat sand from smooth/flat sand to 

7 cm surface roughness as well as 14 cm surface roughness respectively. Figure 5.36 shows 

the 7 cm sand profile when oil of different quantity has been poured onto the sand profile, 

while Figure 5.37 shows the 14 cm sand profile when oil of different quantity has been poured 

onto the sand profile.    



201 
 

 

Figure 5.33: Flat sand profile  

 

Figure 5.34: Dry sand rough surface profile with 7 cm surface roughness  
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Figure 5.35: Dry sand rough surface profile with 14 cm surface roughness  

 

Figure 5.36: 7 cm surface roughness with varying quantities of oil i.e. 1L and 2L  
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Figure 5.37: 14 cm surface roughness with varying quantities of oil i.e. 1L & 2L  

Figure 5.38 shows the results for the 7 cm surface roughness when the oil has been applied 

to the rough surface. From the figure, we can see from the area of interest which is between 

66 ns and 71 ns that the flat sand / profile has the lowest magnitude compared to the dry rough 

surface profile of 7cm rms height which has been denoted as ‘no oil’ and the other two cases 

where oil of 1 L and 2 L have been applied. As expected, the rough surface profile with no oil 

has the highest magnitude, and as oil is being applied, this magnitude decreased for 1L 

application of oil and further decreased when the 2L oil was applied as expected.  
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Figure 5.38: 7 cm surface roughness with application of 1L and 2L of oil   

 

 

 

 

 

 

 

 

Figure 5.39: 14 cm surface roughness with application of oil i.e. 1L & 2L  

Estimate 0.64m 

0.15m 
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Figure 5.39 shows the results for the 14 cm surface roughness when the oil has been applied 

to the rough surface. From the figure, we can see from the area of interest which is between 

66 ns and 72 ns that the flat sand has the lowest magnitude compared to the dry rough surface 

profile of 14 cm rms height which has been denoted as ‘no oil’ as well as the other two cases 

where oil of 1L and 2L have been applied. As expected, the rough surface profile with no oil 

has the highest magnitude and as oil is being applied, this magnitude decreases for the 1 L 

application of oil and further decreased when the 2L oil was applied. The differences between 

the flat, rough and various levels of oil is not more pronounced compared to the 7 cm profile. 

This could be because at 14 cm, the profile may enter a fully diffuse or multiple scattering 

regime, where the oil becomes less influential than the surface structure; and interference 

effects cause convergence of signals from different oil levels. Also, on highly rough surfaces 

(14cm), geometry dominates – so oil induced changes in reflectivity become less distinct. In 

addition, the non-uniform distribution of the oil could reduce the expected dielectric constant, 

making 1L and 2L appear too similar.  

Now when the 7 cm profile is compared with the 14 cm profile, the 7 cm profile provides better 

signal separation between oil levels, suggesting it is more useful classification tasks. The 14 

cm profile, although producing higher voltages, shows waveform compression and 

overlapping, reducing its effectiveness for oil differentiation. The peak time shifts and tail 

behaviour suggest that increased roughness introduces multi-path scattering or deeper signal 

penetration. These results demonstrate the significance of carefully selecting surface profile 

geometry in radar-based sensing applications for optimal feature discrimination.  

Table 5.4 presents an experimental comparison of waveform responses from radar returns 

over sandy surfaces with 7 cm and 14 cm profile roughness.  
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Table 5.4: Experimental comparison of waveform responses from radar returns 

over sandy surfaces with 7 cm and 14 cm profile roughness 

Comparison Area 7 cm Profile Sand 14 cm Profile 
Sand 

Key Insights 

Peak Amplitude (V) Max ~180 V (1L 
Oil); No Oil ~110 V 

Max ~225 V (No 
Oil); 2L ~160 V 

Higher surface 
roughness = higher 
voltage response 

Effect of Oil 
Application 

1L Oil produces 
strongest peak; 
clear separation 
between 1L/2L/No 
Oil 

All signals 
elevated; less 
separation among 
oil levels 

7 cm is more 
responsive to oil-
induced dielectric 
changes 

Flat vs Rough 
Profile 

Flat curve lowest; 
others clearly 
elevated 

Flat is still lowest 
but closer to others 

Roughness drives 
backscatter, oil 
enhances it 
selectively 

Waveform Shape Pronounced peaks, 
well separated; 
ripple structure 
evident 

Waveforms overlap 
heavily, especially 
after first peak 

Increased profile 
complexity 
compresses 
waveform 
distinction 

Peak Timing Main peak at 
~7.0e-8 s 

Main peak earlier 
(~6.75e-8 s) 

Timing shifts may 
relate to deeper 
penetration or 
denser return paths 

Separation 
Between 
Conditions 

Significant visual 
difference among 
curves 

Smaller difference 
between curves 

Mid-profile (7 cm) 
offers better 
discrimination than 
14 cm 

Oil Sensitivity Highly sensitive to 
oil quantity; 1L 
stronger than 2L 

Less sensitive to oil 
level; curves cluster 

14 cm may enter 
multiple-scatter 
regime, dampening 
differences 

Signal Duration / 
Tail 

Shorter signal tail Longer trailing tail Longer tail implies 
multiple returns or 
internal reflections 

Furthermore, this figure for the 14 cm rough surface profile with the application of oil is 

thoroughly analysed to verify if the grooves or ridges on the profile corresponds to what is 

obtained on the plot. To help us analyse this, let’s consider Figure 5.40 and analyse it in 

greater depth. The vertical height hR of the antenna above the ground is 1.15m while the slant 

range R from the antenna to the middle of the tray is 1.6m. The grazing angle 𝛼 is 45° while 

the antenna has a narrow beamwidth Ɛ of 20° but still concentrated just within the tray. So, to 

evaluate the antenna footprint, we use equation 5.4 below which states  
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𝑎𝑛𝑡𝑒𝑛𝑛𝑎 𝑓𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡 = 𝑅 Ɛ = 1.6 𝑥 20° = 0.56 𝑚   (5.4) 

To now obtain the width a of the sand in the tray, we use equation 5.5 below which states  

𝑎 =  
𝑎𝑛𝑡𝑒𝑛𝑛𝑎 𝑓𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡 

sin(𝛼)
=

0.56

sin 45
= 0.79 𝑚   

(5.5) 

This 0.79m indicates the width of the tray covered by the sand and it makes sense considering 

that the length of the tray is 1m but when viewed from the top, it would appear smaller which 

in this case is 0.79m.  

For the ridges covered by the oil, it is expedient to verify that the distances between the peaks 

or grooves covered in ‘real-life’ during the measurements is very similar to the distances these 

grooves cover in the plot in Figure 5.39. A careful look at the plot shows that the grooves which 

contain a significant portion of the oil, covers from 66ns to 72 ns. This 6 ns difference results 

in 0.9m in range using the formula where R = C x T / 2. Therefore, when this is multiplied by 

the grazing angle i.e. 45°, we will therefore obtain 0.9 m x sin 45° which results in about 0.64m. 

0.68m was also the distance between the two extremes of the grooves / ridges in real life 

when it was also measured which validates the measurement results.  

 

 

 

 

 

 

Figure 5.40: Sketch of the experimental setup with an analysis of the angles 

and dimensions   

0.56m 

0.79m 

45 

45 
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(black) 
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Furthermore, the distance between the grooves closest to each other is calculated using the 

same principle previously described. Taking the first two prominent grooves, the distance 

between them is about 1.4 ns (67.6 ns to 69 ns). This 1.4 ns difference results in 0.21m in 

range using the formula (R = CT/2). Therefore, when this is also multiplied by the grazing 

angle, we will therefore obtain 0.21m x sin 45 which results in about 0.15m. In real life, the 

distance between the grooves is about 14cm which looks alright, considering it is a rough 

surface with rms height of 14 cm. Figure 5.41 shows what the 14 cm surface roughness looks 

like with the appropriate dimensions. There are practically three grooves on this figure, which 

also tallies with the three prominent grooves contained in the plot in Figure 5.39.  

 

 

 

 

 

 

 

 

 

 

Figure 5.41: 14 cm surface roughness with 2L oil and the dimensions described   

These set of measurements have been done with just 2L of oil which is insufficient considering 

the size of the tray and the quantity of sand. The next set of measurements will involve at least 

0.68m 

0.14m 

0.79m 
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9L of oil in other to assess the reflectivity of oil if the surface is flooded which is like a leakage 

occurrence that has happened over a long period. In addition, just one half of the tray will be 

soaked with oil, to enable us to analyse in an instant what the difference in reflectivity is 

between a section of a rough surface soaked with oil and another that is not. This will help us 

better understand the effects of oil and how the varying quantities of oil on a rough surface 

affects the reflectivity of rough surfaces with different surface roughness. These as well as the 

calibration set up for the measurements would be investigated next, and the results thoroughly 

analysed and extensively discussed.        

5.5. Final Reflectivity Measurements – Calibration Methodology & Set up  

Figure 5.42 shows the experimental calibration set up for an empty tray with dimensions 1m x 

1m. The actual height of the antenna from the ground is 1.03m and this height is enough for 

the antenna beamwidth to cover not just the tray but for the illumination area to also extend 

beyond the dimensions of the tray on the floor. The distance between the near edge of the 

tray and the antenna is about 1.74 m, while the distance from the antenna to the far edge of 

the tray is about 2.64m. Corner reflectors with dimensions 22 cm x 22 cm are placed one at a 

time around the tray to identify the illumination area.  
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Figure 5.42: Experimental setup for an empty tray with dimensions 1m x 1m   

For this illumination area to be identified and marked, the oscilloscope is looked at to pick up 

points where the reflections from the reflectors are coming down by about 10 dB relevant to 

the measurement of the first reflector which is placed at the exact centre or middle of the tray. 

Please also note that only one reflector at a time is placed on the floor for this calibration. The 

angle of illumination is 25.6° as shown in Figure 5.43 which is the experimental set up for a 

flat sand profile. The same angle of illumination was maintained throughout the experiment.   
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Figure 5.43: Experimental setup for a flat sand profile   

To calculate the distance or the slant range R between the antenna and the middle of the tray, 

we use equation 5.6 as highlighted below  

𝑎 ≈ 𝑅𝜀
1

𝑠𝑖𝑛 𝛼
=

ℎ𝑅𝜀

(𝑠𝑖𝑛 𝛼)2
 

(5.6) 

 

Where a = twice the radius of the tray i.e. 2 x r = √2 m, ℎ𝑅 is the minimum vertical 

height of the antenna from the ground to allow for proper illumination = 0.75m, Ɛ = 

antenna beamwidth which is 20°, grazing angle 𝛼 is 25.6°. So, from equation 5.6, R 

= 1.78 m 
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Figure 5.44: Side view of the calibration and experimental setup   

Figure 5.44 shows the side view of the calibration setup and a pictorial description of the 

experimental set up. The vertical height as well as the grazing angle was fixed, measured and 

maintained for all the calibration and experiments. Throughout the measurements, a corner 

reflector was also placed after the far edge of the tray but still within the illuminated area. 

Reflection from this corner reflector served as the reference throughout the measurements. 

The corner reflector was placed at about 3 range resolutions from the far edge of the tray.  

Before the commencement of the calibration and subsequent measurements, an empty tray 

is placed in the middle as shown in Figure 5.42. It is expedient to understand the reflection 

from the tray edges as well as the anechoic materials. Once that was done, the second step 

was to fill the tray with sand, making the sand at the level of the tray walls or edges. Once this 

is recorded, then other experiments which involve the rough surface profiles followed. 

However, whatever the shape of the sand profiles, the sand at the walls or edges of the tray 

were always kept at the same level as the tray wall to minimise reflections from the walls and 

edges of the tray that is not fully covered with sand. These results were analysed prior to 

commencement of the main experiments which had to do with the rough surface profiles and 

the introduction of oil onto the rough surface. These results as well as the measurement results 

will be discussed shortly but let us give a brief description of the experimental set up.  

Figure 5.45 shows a block diagram of the experimental setup. An arbitrary waveform generator 

(Tektronix AWG7102) is used to create the waveform that we are transmitting. We are 

 

25.6° 

20 

1.78m 
0.75m  

20° between the two dotted 

lines 

𝑅 range = 1.78 m  

𝜖 beamwidth = 20° 

𝛼 grazing angle (25.6°) 

hR vertical height  
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transmitting a pulsed signal with 1ns pulse duration, a pulse repetition time (PRT) of 10 ms, 

and at a carrier frequency of 4 GHz for 200 pulses. The 10 dB attenuator which is connected 

to the AWG is to ensure that the input power into the first amplifier is not too high. This is now 

connected to a power amplifier (ZHL-4240+) which has a noise figure NF of 8 dB and a gain 

of 42dB to increase the power of the transmit signal. From there, it goes through a 3 dB 

attenuator between the amplifier and the antenna to mitigate any reflections in the cable. Then 

on the receive arm, the antenna goes to the 3 dB attenuator to stop reflections again. From 

there, it goes to the power amplifier (ZX60-83) which has a noise figure NF of 1.5 dB and a 

gain of 22 dB and from there to the oscilloscope (Tektronix DPO72304SX) for making and 

recording the measurements. The range resolution is 15 cm.  

 

 

 

 

 

   

 

 

 

 

 

Figure 5.45: Block diagram of the experimental set up   
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Figure 5.46 shows the calibration results of the empty tray without sand. The largest peak 

could be attributed to the fact that the tray is reflective, and that peak is just a bright spot in 

the middle of the antenna beam. The area of interest for us in the plot is between 25 and 31 

ns which corresponds to about 90 cm which is similar to the length of the tray (1m)    

 

Figure 5.46: Calibration result of empty tray without sand   

Figure 5.47 shows the calibration results of an empty tray without sand and two corner 

reflectors placed outside the tray, specifically one before the near edge of the tray and the 

other corner reflector after the far edge of the tray which has a bigger dimension than the 

corner reflector close to the near edge of the tray. They appear at the 23ns and 36 ns mark 

on the plot. From the figure, we can also see that there is a subdued peak right at the middle 

of the tray, at 29 ns which also aligns with the explanation given in Figure 5.46 that the tray is 

reflective, and the peak is just a bright spot in the middle of the antenna beam 

Figure 5.48 shows the calibration results of an empty tray without sand and a small sphere of 

radius 3.2 cm placed at the middle of the tray. From the figure, we can see that the peak at 

about 28.5 ns corresponds to the position of the sphere in the middle of the tray. The reflectivity 
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also tallies with what is expected of a sphere of such size and dimension. Please note that for 

this figure, 2 corner reflectors were placed at the near and far edges of the tray which 

corresponds to 23.5 ns and 36.5 ns respectively.  

 

Figure 5.47: Calibration result of empty tray with two corner reflectors    

 

Figure 5.48: Calibration result of empty tray with a sphere of radius 3.2cm   
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Figure 5.49 shows the calibration results of the flat dry sand, which is for the figure shown in 

figure 5.43. In the calibration for this flat dry sand, please also note that 2 corner reflectors 

were placed towards the near and far edges of the tray which corresponds to the 23 ns and 

36.5 ns positions respectively to give some sort of boundary or demarcation to the exact 

position of our tray. Also note that for the measurements for the actual profiles and introduction 

of oil which shall be shown hereafter, there is no corner reflector positioned at the near edge 

of the tray. From this Figure 5.49, the peak at the middle of the flat sand is the reflection from 

the sand which is closely positioned at the walls or far edge of the tray.    

 

Figure 5.49: Calibration of sand filled tray with a flat profile    

5.6. Final Reflectivity Measurements – Rough Surface Profiles and Oil   

Now we shall explore and consider the results from the final reflectivity measurements with 

the rough surface profiles as well as the introduction of varying quantities of oil. Figure 5.50 

shows the dry flat sand profile, 7 cm rough surface profile as well as the 14 cm rough surface 

profile without oil.    
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Figure 5.50: Dry Flat sand profile as well as 7cm & 14cm rough surface profiles    

Figure 5.51 shows the reflectivity results for dry flat sand, 7 cm rough surface profile as well 

as 14 cm rough surface profiles. From the results, we can see that the 14 cm rough surface 

profile has a higher reflectivity compared to the 7 cm rough surface as well as the flat sand 

profiles. The large peak at about 3.8 m shows the position of the corner reflector placed 

towards the far edge of the tray to help us know the position of our tray during processing. The 

tray covers from 2.3 m to 3.3m (which is equivalent to 1m) while the rough surface profiles 

cover from about the near edge of the tray which is about 2.5 m to 3.15m which is equivalent 

to the region covered by the ‘grooves’ or ‘ridges’ of the rough surface profiles and this is about 

65 cm as extensively discussed and analysed in section 5.4.  

An average of the magnitudes between 2.5 m and 3.15 m for each of the scenarios i.e. flat 

sand, 7 cm and 14 cm rough surface profiles is shown in Figure 5.52. This is done so that we 

could appreciate the differences in dB between any of the profiles at the area of interest. From 

the figure, we can see that there is a 12 dB increase in magnitude between the flat sand & the 

7 cm profile, while there is a 13.5 dB increase for the 14 cm profile with respect to the flat sand        
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Figure 5.51: Reflectivity results from the dry flat sand, 7cm and 14cm rough 

surface profiles    

 

Figure 5.52: Average of the various sand profiles without oil   
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The next step is to now consider the effect of varying quantities of oil on the various rough 

surface profiles starting with the 7 cm rough surface. Figure 5.53 shows the experimental 

setup for the 7 cm rough surface profiles with varying levels of oil application. The oil levels 

varied from 0L to 9L of oil. Not all the oil levels have been shown in Figure 5.53. The quantity 

of oil used was sufficient to cover just one half of the tray which is the area under consideration.  

 

Figure 5.53: Varied applications of oil (0L to 9L) on 7 cm rough surface profile   

Figure 5.54 shows the reflectivity results from the varied application of oil on the 7 cm rough 

surface. From the figure, we can see that the ‘No Oil’ had the highest reflectivity while the ‘9L 

Oil’ had the lowest reflectivity and this is line with what is expected, where an increase in the 

application of oil leads to a reduced reflectivity as previously and extensively discussed and 

analysed. Now the next step is to get the average for the area under consideration.  
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Figure 5.54: Reflectivity results from the varied application of oil on a 7 cm 

rough surface    

 

Figure 5.55: Average reflectivities of the varied applications of oil on the 7cm 

rough surface    
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An average of the magnitudes between 2.5 m and 3.15 m for each of the scenarios i.e. No Oil 

to 9L oil is shown in Figure 5.55. This is done so that we could analyse the differences in 

reflectivity between each stage of the application of oil within the area of interest. From the 

figure, we can see that the reflectivity decreases as the application of oil also increases. There 

is about a 4 dB decrease in reflectivity between the 7 cm rough surface when there is no oil 

and the same rough surface that has been soaked by 9L of oil, probably emanating from oil 

leaks/spills. This 4 dB difference in reflectivity is quite significant and if the quantity of oil 

continues to increase, it is envisaged that the difference in reflectivity will also continue to 

increase more than the 4 dB obtained for 9L oil. The implication of this is that, if we have a 7 

cm rough surface and oil spills onto it from say our pipeline infrastructure, then our radar 

system will be able to detect a 4 dB difference in reflectivity for that rough surface and at about 

9L oil. On the average, it implies every dB difference in reflectivity equates to about 2L of oil 

leaks for a 7 cm rough surface.  

Furthermore, considering Figure 5.55, it appears there is a small dB difference across oil 

levels, which might make classification a bit difficult with only Mean(dB). As a possible solution, 

additional features, and not just mean dB, can be used. Some of these additional features 

include peak values, skewness, time delay, as well as waveform shape metrics. Also grouping 

similar oil levels to reduce sensitivity to small differences could be considered. The unexpected 

dip at 1.5L is likely due to uneven spreading, leaving patches of dry sand. This leads to 

complex reflections, possibly more destructive interference hence the sharp dip.   

Let us now consider the effect of varying quantities of oil on the 14 cm rough surface. Figure 

5.56 shows the experimental setup for the 14 cm rough surface profiles with varying levels of 

oil application. The oil levels varied from 0L to 9L of oil. Not all the oil levels have been shown 

in Figure 5.56. When this figure is compared to figure 5.53, the quantity of oil used which is 

9L did not cover the entire half of the tray due to the variation in surface roughness. At the 

7cm rough surface profile, the 9L oil covered the entire half of the tray, but in this 14 cm rough 

surface, the quantity of oil was just halfway through the rough surface profile since the 14 cm 
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rough surface is double the initial rough surface profile of 7 cm. Since the 9L oil covered the 

tray in the 7 cm rough surface, the 9L oil for the 14cm rough surface was just halfway through 

for the area under consideration.  

Figure 5.57 shows the reflectivity results from the varied application of oil on the 14 cm rough 

surface. From the figure, we can see that the ‘No Oil’ had the highest reflectivity while the ‘9L 

Oil’ had the lowest reflectivity and this is line with what is expected, where an increase in the 

application of oil leads to a reduced reflectivity as extensively discussed & analysed previously  

 

Figure 5.56: Varied applications of oil (0L to 9L) on 14 cm rough surface profile   
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Figure 5.57: Reflectivity results from the varied application of oil on a 14cm 

rough surface    

An average of the magnitudes between 2.5 m and 3.15 m for each of the scenarios i.e. No Oil 

to 9L oil is shown in Figure 5.58. This is done so that we could analyse the differences in 

reflectivity between each stage of the application of oil within the area of interest. From the 

figure, we can see that the reflectivity decreases as the application of oil also increases. There 

is about a 9 dB decrease in reflectivity between the 14 cm rough surface when there is no oil 

and the same rough surface that has been soaked by 7.5L of oil, probably emanating from oil 

leaks/spills. This 9 dB difference in reflectivity is quite significant and if the quantity of oil 

continues to increase, it is envisaged that the difference in reflectivity will also continue to 

increase more than the 9 dB obtained for 7.5L oil. The implication of this is that, if we have a 

14 cm rough surface and oil spills onto it from say our pipeline infrastructure, then our radar 

system will be able to detect a 9 dB difference in reflectivity for that rough surface. On the 

average, it implies every dB difference in reflectivity equates to about 1L of oil leaks for a 14 
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cm rough surface. This makes sense because every parameter for 7cm earlier considered is 

either halved or doubled as appropriate depending on the parameter.   

 

Figure 5.58: Average reflectivities of the varied applications of oil on the 14 

cm rough surface    

Furthermore, and following on from the previous discussions, a comparative evaluation of 

radar backscatter magnitudes is measured across flat, 7cm, and 14 cm sand profiles both 

without oil and with varying oil volumes (1.5L to 9L). The 7 cm surface profile offers optimal 

dielectric discrimination, showing significant variation in waveform structure with oil 

application. The 14 cm profile demonstrates reduced sensitivity to oil level variations, likely 

due to internal multiple scattering or roughness-induced noise. Flat sand provides limited utility 

for classification, with sharp but isolated reflections. This research confirms the nonlinear 

interplay between surface geometry and dielectric loading, supporting the development of 

more accurate radar-based classification tools in environmental and geotechnical 

applications. Table 5.5 shows a comparative evaluation of radar backscatter magnitudes 

measured across flat, 7cm and 14cm sand profiles, both without oil and varying oil volumes.  
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Table 5.5: Comparative evaluation of radar backscatter magnitudes across 

flat, 7cm and 14cm sand profiles with varying oil volumes and without oil  

Profile Type Peak 

Amplitude 

Range (dB) 

Backscatter 

Pattern 

Oil Sensitivity Key Insight 

Flat Sand (No 

Oil) 

-55 to -25 Sharp late 

peak near 3.8 

m; fewer 

oscillations 

before peak 

Not applicable Flat profile 

gives clean 

return but lacks 

surface texture 

detail 

7cm Profile 

(No Oil) 

-55 to -30 Multiple strong 

peaks across 

2.5–3.5 m; 

visible ripple 

structure 

High; 3L–6L oil 

affects mid-

range peaks 

strongly 

7cm is highly 

sensitive to 

surface and 

dielectric 

changes 

14cm Profile 

(No Oil) 

-55 to -30 Similar to 7 cm 

but more 

chaotic; peak 

broadening in 

2.5–3.5 m 

Moderate; 

differences 

exist but 

curves cluster 

more tightly 

14cm may 

enter a multiple 

scattering 

regime with 

less clarity 

7cm Profile 

(1.5–9L Oil) 

-55 to -30 Amplitude 

decreases with 

more oil; 

pattern still 

structured 

1.5L–6L shows 

gradual 

suppression; 

higher oil more 

damped 

7cm profile 

provides 

optimal 

resolution for 

oil 

classification 

14cm Profile 

(1.5–9L Oil) 

-65 to -30 Heavier oil 

dampens mid-

range peaks; 

waveform 

becomes 

dense 

1.5L–9L shows 

tighter 

clustering; oil 

levels harder to 

differentiate 

Beyond 6L oil, 

detection 

resolution 

decreases 

significantly 

 

In conclusion, Table 5.6 presents a comparison of the mean reflectivity (in dB) for sand 

surfaces with varying roughness (flat, 7 cm, and 14 cm profiles) under different levels of oil 

application.  
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Table 5.6: Effect of Increasing Oil Quantity on Mean Reflectivity (dB) for 

Different Surface Roughness Profiles   

Dielectric  Flat sand  

(mean mag dB)   

7 cm (mean mag dB)  14 cm (mean mag dB) 

No Oil  - 51.39  - 38.62  - 37.91   

1.5 L    - 41.54  - 38.24  

3 L   -39.99  - 42.30  

4.5 L   - 40.27  - 42.73  

6 L   - 40.74  - 45.08  

7.5 L   - 41.14  - 47.08  

9 L   - 42.25 - 43.93 

  

5.7. Summary  

In this chapter, we have looked at the experimental plan and set up for our measurements as 

well as the methodology for these measurements. The methodology for a smooth conduct of 

the experiments have been extensively discussed and considered. The calibration of the 

experimental set up was also thoroughly investigated and the results also analysed in detail.  

The three rough surface profiles were used in the measurement to ascertain the reflectivity of 

oil from the varied rough surfaces. The results were also compared to the simulation results, 

and both results i.e. experimental, and simulation showed a trend or relationship between the 

roughness of a lossy surface and the reflectivity from a rough surface. The rougher the 

surface, the higher the reflectivity and vice versa. This implies that oil spills and leaks can be 
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easily detected from a rough surface than from a smooth surface. Furthermore, as the quantity 

of oil increases on the rough surface, the reflectivity reduces, and this same trend was noticed 

both for the simulations and the experiments. It is noteworthy to also mention here that the 

experimental results were also verified theoretically, and the results aligned with each other. 

In the final reflectivity measurements, the results obtained were clearer and better and aligned 

more with what was expected. The 14 cm rough surface profile had about a 10 dB difference 

between the rough surface without oil and the rough surface with 7.5L of oil. This 10 dB 

difference is significant because it shows us how easy it is to differentiate between both 

dielectrics. In the same vein, the 7 cm rough surface profile had about a 4 dB difference 

between the rough surface without oil and the rough surface with 9L of oil. This 4 dB difference 

is significant because it is about half the difference obtained for the 14cm rough surface profile 

and the 14 cm rough surface profile is double the 7 cm rough surface profile. Finally, the 

implications and interpretations of the RCS results of various dielectric materials was 

extensively analysed and discussed. As envisaged, the RCS for larger surface areas was 

higher compared to smaller surface areas. The results in this section also indicate that as we 

fill up the surface with oil, the reflectivity decreases by a lot i.e. about 4 dB for a 7 cm rough 

surface and about 10 dB for a 14 cm rough surface.  

Furthermore, like we have seen, the experimental models use structured shapes to the 

surfaces and ridges while the theoretical models use random surfaces as seen in Chapter 4. 

The differences in the structure of the rough surfaces between the experimental model and 

the theoretical model arise primarily from practical fabrication constraints and the nature of 

numerical modelling approaches. In the experimental setup, a structured, periodic rough 

surface was used because manufacturing truly random surfaces with precise statistical 

properties – such as a defined rms height and correlation length – is highly challenging. 

Instead, a simplified, repeatable and well-characterised surface was created to maintain 

experimental control and ensure consistency across different measurements. The structured 
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shape allows for easier fabrication and reproducibility while still capturing key scattering 

behaviours relevant to rough surface interactions.  

In contrast, the theoretical model used in simulations employs a randomly generated surface 

profile that more closely follows the statistical nature of natural rough surfaces. This approach 

is standard in numerical simulations, where a stochastic surface generation method (e.g. a 

Gaussian algorithm) ensures that the surface meets the desired rms height and correlation 

properties without the physical limitations imposed by fabrication processes. The randomness 

in the model allows for more generalisable insights into how waves interact with naturally 

occurring rough surfaces. The key takeaway is that while both models aim to represent 

surfaces with similar heights (3.5 cm, 7 cm, and 14 cm), the experimental design prioritises 

practical fabrication feasibility and measurement repeatability, whereas the theoretical model 

is free from such constraints and can represent a more statistically accurate random rough 

surface.        
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Chapter 6. CONCLUSIONS AND FUTURE 

WORKS 

In this chapter, we shall look at the conclusions from this PhD research work as well as discuss 

and elaborate on the findings from this PhD thesis. The limitations encountered during the 

conduct of this research shall be analysed and we shall take a look at the new frontiers as well 

as the future work that can be extended from this work.   

6.1. Conclusions and Findings  

This thesis focused on the remote monitoring of pipeline infrastructure for the detection of oil 

leaks using radar sensors. The main goal of this research was to investigate the methods and 

potential in using radar sensors as enabling technologies to remotely monitor oil and gas 

pipeline networks in real time. As oil pipeline networks span hundreds of thousands of 

kilometres, it is expedient to have a system with reduced complexity and which also rely on 

minimal signal processing to be able to be used efficiently and at scale.  

Specifically, the research assessed the feasibility and performance of using radar sensors to 

detect temporal changes in an area at both small and large scales. These temporal changes 

were as a result of change in the roughness parameters, as well as the dielectric properties of 

the area due to oil leaks from pipeline infrastructure etc. we built an efficient system with 

reduced complexity and the simplest measurable parameter was the surface reflectivity.  

First, a background and literature review were conducted to assess the challenge that would 

serve as the foundation for the investigation. The actual objectives as well as the novel 

contributions of this project were outlined and highlighted after careful research of the problem 

statement.  

Next, the fundamentals of radar including a brief history of radar was discussed. The types of 

radar as well as a thorough description of the radar sensors and waveforms was extensively 



230 
 

analysed. A through description of the propagation and target RCS as well as its implications 

in my experimental setup and simulations was thoroughly analysed. The results verified the 

theoretical findings. In terms of the experimental work, the experimental results also agreed 

with the simulation results and verified that our system works perfectly.  

Following this, a rough surface model was developed with a thorough analysis of the 

propagation of electromagnetic waves in varied dielectric materials. The scattering effects and 

its problems in rough surfaces was extensively discussed and analysed. The implications of 

scattering in our developed rough surface model were also investigated including the 

implications of the reflectivity of oil from these varied degrees of surface roughness. The 

implications in varied dielectrics like dry sandy soil, wet sandy soil, PEC as well as sand 

soaked with oil was also investigated and the results analysed.  

The simulation-based investigation highlights the combined effects of surface roughness and 

material condition on RCS behaviour. Key conclusions include:  

✓ Surface roughness is a dominant factor in increasing radar backscatter under dry and 

oil-contaminated conditions  

✓ Moisture content suppresses RCS even at higher surface roughness, likely due to 

dielectric matching and absorption  

✓ Oil contamination enhances RCS especially at moderate to high surface roughness 

and larger incident angles – an important insight for remote sensing applications  

✓ The 14 cm profile consistently demonstrates peak sensitivity across both dry and oil-

contaminated simulations, suggesting it is a critical roughness threshold for enhanced 

detectability  

In terms of novelty and contribution, this study offers a comparative RCS analysis across dry, 

wet and oil-contaminated soils – a rarely combined set of variables in radar scattering 

research. In addition, the interaction between roughness-induced scattering and material 

dielectric alterations provides new perspectives for environmental sensing, oil spill detection 
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and terrain classification using radar. The methodology and findings can inform design 

parameters for GPRs and SAR systems operating over diverse soil conditions.  

Furthermore, for the various dielectrics that were combined for each rough surface profile 

(3.5cm, 7cm 14cm and 21cm) and analysed, the study reveals a clear nonlinear interaction 

between surface geometry and dielectric composition. Oil contamination not only modifies the 

dielectric constant but amplifies surface scattering effects, leading to significantly enhanced 

RCS. Wet conditions consistently attenuate radar backscatter, masking roughness effects and 

flattening angular response. At extreme roughness (21 cm), dry sandy soil shows comparable 

or superior radar visibility to PEC, indicating that real-world rough terrain may exceed ideal flat 

conductors in scattering efficiency under specific conditions. This research therefore also 

contributes to the design and calibration of remote sensing systems by quantifying how 

surface and material properties jointly influence radar backscatter.  

Now when the various rough surface profiles were filled up with oil which made the rough 

surfaces smoother, the analyses showed that surface roughness plays a crucial role in radar 

signal backscatter, with rougher surfaces generally yielding stronger RCS. Oil contamination 

amplifies this effect, while wet conditions tend to suppress it across all angles indicating that 

moisture dampens the reflectivity advantage of increased roughness. PEC materials remain 

highly reflective, although extreme smoothing can reduce their scattering efficiency. This 

research therefore underlines the importance of surface geometry in EM wave interaction and 

supports its application in as well as contributes valuable insight for remote sensing, terrain 

classification, material identification and radar system calibration using radar technologies.    

In addition, the surface reflectivity from surfaces with and without oil contamination as a 

function of surface roughness, aspect angle and frequency were investigated. Furthermore, 

an experimental campaign in a proof-of-concept environment was conducted to validate 

findings obtained through electromagnetic wave simulations of soil surfaces considering 

different parameters. The radar cross section of different dielectric materials with varied 
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roughness parameters when they are contaminated with varying quantities of oil was 

extensively discussed and analysed as well as their implications in the remote monitoring of 

pipeline infrastructure for the detection of oil leaks. The results show that there is 10 dB 

difference in RCS from a 14 cm rough surface without oil and a similar surface that has been 

soaked with at least 7.5 L of oil. This implies that a litre of oil results in at least 1 dB change in 

RCS from a rough surface of 14 cm rms height. In addition, there is about a 4 dB difference 

for that of 7 cm surface roughness for a 9L oil that leaks onto the rough surface. This also 

implies that 2 L of oil results in a dB change in reflectivity from a rough surface of 7 cm rms 

height. The results obtained via experiment were also verified via simulations and both results 

tally and align with each other as have been extensively discussed and analysed. A 

performance analysis of the analytical and experimental models was also undertaken and 

compared to what is expected.  

Furthermore, when the experimental results were compared with the simulation results for 3.5 

cm rms height for a dry sandy soil that has been soaked with oil, the addition of oil on sandy 

surfaces enhanced radar reflectivity as confirmed by both experimental and simulation 

datasets. Spraying oil leads to more uniform dielectric enhancement than sequential 

application, offering more consistent backscatter. Experimental results reveal micro-variations 

and nonlinear responses likely tied to oil coverage uniformity and surface absorption. Despite 

some variability, simulation trends and experimental measurements broadly agree, reinforcing 

model validity. These findings support the development of detection algorithms for oil 

contamination and improve modelling approaches for complex natural surfaces. Table 6.1 

shows 6.1 presents a comparative analysis between the experimental backscatter magnitude 

plots for a dry sandy soil that has been soaked with oil and the simulated RCS results for dry 

and oily sandy soil at a surface roughness of 3.5 cm rms height.  
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Table 6.1: Comparative analysis between experimental and simulation results 

for the presence of oil on a dry sandy soil with rms height 3.5 cm  

Comparison Area Observation Key Metrics / 
Values 

Implication / 
Insight 

Backscatter 
Magnitude 
(Experimental) 

Sprayed oil yields 
the strongest 
magnitude peaks; 
3rd oil application 
aligns closely 

Max ~ -60 dB 
(Sprayed Oil); Min 
~ -95 dB (1st Oil) 

Spraying may lead 
to more uniform 
dielectric coverage 
than layered 
application 

RCS (Simulation) Oily soil 
consistently shows 
higher RCS (~1–2 
dB more) than dry 
soil across angles 

Max RCS: ~ -6 dB 
(Oil), ~ -8 dB (Dry); 
Min ~ -13 dB 

Simulation supports 
oil-induced 
backscatter 
enhancement 

Consistency Across 
Oil Levels 

Magnitude 
response is not 
linear with oil 
application—
intermediate 
applications show 
dips 

Best consistency 
with sprayed and 
3rd oil application 

Real-world oil 
distribution 
complexity 
influences 
reflectivity 

Effect of Oil on 
RCS 

Oil presence 
increases average 
RCS and shifts 
curve upward 
compared to dry 
soil 

Oily soil curve 
consistently ~1.5 
dB higher than dry 

Useful for detection 
applications (e.g., 
spill monitoring) 

Peak Locations Major reflectivity 
peaks between 
1.65 m and 1.8 m 
in range for 
experimental plot 

Peak observed at 
~1.7 m (range) 

Critical detection 
zone in range 
imaging 

Backscatter Clarity Waveform 
complexity 
increases with oil; 
more distinct 
ripples and 
shoulders 

More pronounced 
for later 
applications 

Higher dielectric 
contrast sharpens 
backscatter 
features 

RCS Angular 
Behaviour 

Simulation shows 
smooth RCS 
progression with 
clear peak near 75° 

Angle θ = 75° gives 
highest RCS 

Supports angular 
RCS analysis for 
target identification 

Agreement 
Between 
Experimental and 
Simulation 

Both confirm oil 
enhances RCS, 
though 
experimental 
shows more 
variability 

General trend 
tallies, but 
experimental has 
irregular 
fluctuations 

Simulation and 
experiment 
reinforce each 
other, despite local 
variations 
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Also, the experimental results were compared with the simulation results for 7 cm rms height 

for a dry sandy soil that has been soaked with varying volumes of oil for both the simulation 

and the experimental results. This research provided a comparative analysis of radar 

simulation and experimental results for a 7 cm rms height sand profile. The goal was to 

evaluate the impact of physical and dielectric variation on radar backscatter and classification 

accuracy. From the results, the 7 cm rms height profile is ideal for radar-based surface and 

dielectric characterisation. Simulation emphasised structural and angular influences on RCS, 

while experimental tests highlight range-based dielectric response. Real-world complexity 

introduces ripple structures and minor deviations in experimental outputs. Collectively, these 

results validate the use of electromagnetic simulation for predictive modelling and enhance 

the effectiveness of radar in practical sensing applications. Table 6.2 shows comparative 

evaluation of both simulation and experimental results for a 7 cm rms height sand profile.  

Table 6.2: Comparative analysis between experimental and simulation results 

for the presence of oil on a dry sandy soil with rms height 7 cm 

Aspect Simulation Results  Experimental Results 

Surface Type Dry and Oil-covered 7 cm 
profile 

7 cm profile (Dry, with 
varying oil) 

Tested Variables Varying RMS heights (1.19 
cm to 5.07 cm) 

Oil volumes from 0 to 9L 

Peak RCS Range 
(Simulation) 

-2 dB to -19 dB depending 
on angle and surface 

N/A (RCS not displayed) 

Peak Magnitude Range 
(Experiment) 

N/A (no voltage amplitude 
shown) 

-55 dB to -25 dB 
depending on oil and 
range 

Oil Sensitivity Strong response: Original 
7 cm gives highest RCS 

Clear response to 1.5L–6L 
oil; 9L becomes dense 

Waveform Consistency RCS varies smoothly with 
angle 

Consistent ripple patterns; 
structured 

Effect of Roughness 
(RMS) 

Higher RMS = higher RCS; 
clear distinction 

Oil level affects signal 
strength and clarity 

Key Agreement Peak angle responses 
support experimental 
backscatter peaks 

Backscatter location aligns 
with high-RCS angles 

Key Difference Angular vs range domain 
representation 

Oil variation studied 
instead of RMS height 

Key Insights Simulation emphasizes 
structural change and 
angle-based variation 

Experiment highlights 
dielectric variation and 
signal range 
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Finally, the experimental results were compared with the simulation results for 14 cm rms 

height for a dry sandy soil that has been soaked with varying volumes of oil for both the 

experimental and simulation results. This research provided a comparative analysis of radar 

backscatter responses for a 14 cm rms height sand profile evaluated through both EM 

simulations and experimental measurements. From the results, the 14 cm profile produced 

high radar reflectivity, but waveform compression and clustering limit its use for material 

classification. Simulations affirm the influence of surface geometry on RCS, while 

experimental results show that oil saturation reduces backscatter contrast. The combination 

of simulation and experimental domains (angle and range) delivers a holistic view of radar-

surface interaction. This research supports the conclusion that the 14 cm rms height profile, 

while powerful in scattering is less ideal for distinguishing fine dielectric differences. Table 6.3 

shows a comparative analysis between the experimental and simulation results for the 

presence of oil on a dry sandy soil with surface roughness of 14 cm.  

Table 6.3: Comparative analysis between experimental and simulation results 

for the presence of oil on a dry sandy soil with rms height 14 cm 

Aspect Simulation Results  Experimental Results 

Surface Type Dry and Oil-covered 14 cm 

profile 

14 cm profile with oil 

volumes from 0 to 9L 

Tested Variables Modified RMS heights 

(1.89–9.57 cm) 

Dielectric variation only (oil 

volume) 

Peak RCS Range 

(Simulation) 

-2 dB to -20 dB depending 

on angle and height 

N/A (RCS not directly 

plotted) 

Peak Magnitude Range 

(Experiment) 

N/A (dB magnitude not 

shown) 

-65 dB to -30 dB across 

range domain 

Oil Sensitivity Original 14 cm gives 

strong RCS: peak rises 

with roughness 

Smaller differences 

between oil levels beyond 

3L 

Waveform Consistency High variability; less 

smooth than 7 cm 

Waveforms densely 

packed; harder to 

distinguish by oil 

Effect of Roughness 

(RMS) 

More scattered angular 

returns as RMS increases 

Oil level flattens response 

but elevates background 

signal 
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Key Agreement Trends match 

experimental behaviour at 

high scatter angles 

Magnitude peak ranges 

align with high-RCS angles 

in simulation 

Key Difference Simulation uses structural 

variation; experiment 

varies oil 

Oil variation dampens 

contrast more than RMS 

structural change 

Key Insights 14 cm enters more 

complex scatter regime: 

less ideal for oil 

classification 

Oil dampens signal 

contrast; 14 cm roughness 

reduces classification 

accuracy 

           

6.2. Limitations  

In terms of limitations, computing requirements were the major drawback during this research. 

Most times, the high-performance computing HPC system we are using (BEAR) is scheduled 

for maintenance occasionally and even when it is not, some of the rough surface models that 

were meant to run and give a positive update normally crash after a couple of days. It was 

also difficult to run a couple of models for an extended time (over ten days at least). These 

computing requirements were escalated and managed as best as we possibly could. Also, the 

size of the models was also reduced to smaller sizes as best as we reasonably could, and 

several iterations of these reduced models were conducted to compensate for this and to 

ensure the same trends were maintained for each model. However, going forward, it would be 

ideal to perform simulations for an actual rough surface area with bigger dimensions (say 1m 

x 1m) and analyse the results and compare with the results from the smaller scale (20cm x 

20cm).  

One of the notable limitations encountered in this project is the difficulty in accurately detecting 

or distinguishing surfaces with very low roughness, such as the flat or minimally profiled sand 

scenarios. The reflectivity values for these surfaces often exhibit minimal variation across 

different oil levels, typically with a narrow dB range (e.g. 1 – 2 dB). This small difference falls 

within the margin of measurement noise or system sensitivity, making it challenging to classify 

or confidently detect surface conditions based solely on reflectivity. To mitigate this limitation, 
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a comparative analysis approach would be employed. Instead of relying on single-point 

measurements or individual reflectivity values, results would be compared across multiple 

surface profiles (flat, 7 cm and 14 cm) under identical oil conditions. This will allow the 

identification of relative trends and subtle shifts in reflectivity patterns that would otherwise be 

indistinguishable in isolation. Additionally, incorporating multiple features – such as peak 

voltage, waveform shape, or time-domain characteristics – alongside mean reflectivity can 

improve classification performance and help differentiate between low-roughness scenarios 

with greater accuracy.         

6.3. Outlook / Future Work  

In this sub section, we shall look at various ways in which this work can be extended depending 

on what can be achieved. This work has therefore provided a solid foundation for the future 

work highlighted below to be executed.  

➢ Analysis of the RCS of dry sandy soil surface with more samples (N = 1000 and above) 

as well as a larger surface area (1m x 1m and above) but with better and higher 

computational facilities as well as computing requirements.  

➢ Analyse the experimental RCS indoors when a plant is over the soil sample (a la real-

life) and see the difference this will make in the reflectivity measurements  

➢ Incorporate the rough surface model with a chirp signal as part of a radar signal 

processing system and analyse as well as compare the parameters measured   

➢ Investigate the possibility of introducing 2 antennas with varied polarisations on CST 

and BlueBEAR and explore as well as analyse both co and cross polarisations for 

transmit and receive channels. Also investigate the scattering mechanisms when 

different polarisations are applied to the TX and RX on the rough surface model  

➢ Expanding to other frequency ranges (asides from the frequency ranges previously 

used) in other to ascertain if they are better suited for detection of oil leaks.   

➢ Explore the use of SAR technique or technology in the remote monitoring of pipeline 

infrastructure for the detection of oil and gas leaks as well as utilise radar imaging for 

the detection and identification of oil spills and leaks in pipeline networks.   
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Specification of the white horn antennas as well as the frequency response of the white horn 

antennas across varied frequencies.  

 

Simulation for different rough surfaces and comparison of the results 

The dielectrics considered are dry sandy soil, wet sandy soil as well as the dry sandy soil 

mixed with oil. The following parameters were utilised in the simulation - ½ m by ½ m rough 

surface area, rms height of 14cm, with the number (N) of surface points as 20 x 20. The 

correlation lengths for the simulation were also given as 12.5 cm for one instance and 10cm 

for another instance.  
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RCS analysis for dry sandy soil with cl 12.5cm and rms 14 cm 

 

RCS analysis for dry sandy soil with cl 10 cm and rms 14 cm 
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 RCS analysis for wet sandy soil with cl 12.5cm and rms 14 cm 

 

RCS analysis for wet sandy soil with cl 10cm and rms 14 cm 
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RCS for dry sandy soil mixed with oil cl 12.5cm and rms 14 cm 

 

RCS for dry sandy soil mixed with oil with cl 10cm and rms 14 cm 
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It is also note-worthy to mention at this juncture that the results obtained from the plots for 

either a correlation length of 12.5 cm or 10 cm is not massively different from each other no 

matter the dielectric i.e. dry sandy soil, wet sandy soil and dry sandy oil filled with oil. The 

results tallied or aligned with themselves based on what’s expected for each dielectric. 

Henceforth, we will only focus on correlation length of 12.5cm.  

The figures below show the RCS for various rough surfaces – dry sandy soil, wet sandy soil 

and a dry sandy soil mixed with oil but for rms height of 7 cm.  

 

 

RCS analysis for dry sandy soil with cl 12.5cm and rms 7 cm 

 

In the above figure, which is for the dry sandy soil, the range of the plot in terms of the RCS 

varied from about 1 dBsqm to about – 15 dBsqm as opposed to about 5 dB sqm to about -20 

dB sqm for the previous figure of dry sandy soil with higher surface roughness of rms height 

14 cm. Same analogy can be extended to the figures for both wet sandy soil and the dry sandy 

soil mixed with oil when also compared to previous figures at 14 cm rms height.   
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RCS analysis for wet sandy soil with cl 12.5cm and rms 7 cm 

 

 

RCS for dry sandy soil mixed with oil with cl 12.5cm and rms 7 cm 
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Furthermore, the figures below show the three various rough surfaces under consideration but 

for a rms height of 3.5 cm. We have earlier posited that the reflectivity or RCS of our rough 

surfaces is also dependent on the roughness of the rough surface in a direct relationship. This 

invariably means the rougher the surface, the higher the reflectivity and this is further 

buttressed and analysed in these figures below. The implication of this is that when oil spills 

or leaks from our pipeline infrastructure, we are more likely to get a high return signal or echo 

if the surface upon which the oil leaks or spills onto is very rough compared to if it was just a 

smooth or a not-so rough surface. So, the higher the surface roughness, the higher the RCS 

of my rough surface and vice versa.  

 

RCS analysis for dry sandy soil with cl 12.5cm and rms 3.5 cm 
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RCS analysis for wet sandy soil with cl 12.5cm and rms 3.5 cm 

 

 

RCS for dry sandy soil mixed with oil with cl 12.5cm and rms 3.5 cm 
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The figure below shows the RCS measurements for 7 iterations for dry sandy soil with rms 

height as 21cm and with the same parameters earlier described – correlation length of 12.5 

cm, for an area of ½ m by ½ m. Due to restrictions in computing facilities, only 7 plots were 

obtained for dry sandy soil, and we can extrapolate from these results obtained that the same 

trend was also maintained for these plots which lends accuracy and reliability to the results 

obtained. Unfortunately, due to computing restrictions, we could not perform this same 

simulation for 21cm for the dry sandy soil that has been soaked with oil, therefore analysis for 

21cm is not part of the discussion for this dielectric.  

 

 

RCS analysis for dry sandy soil with cl 12.5cm and rms 21 cm 
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