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ABSTRACT 

This paper introduces a novel method for monitoring contamination levels on high 

voltage insulators based on microwave radiometry. Present contamination monitoring 

solutions for high voltage insulators are only effective in predicting flashover risk when 

the contamination layer has been wetted by rain, fog or condensation. The challenge 

comes where the pollution occurs during a dry period prior to a weather change. Under 

these conditions, flashover can often occur within a short time period after wetting and 

is not predicted by measurements taken in the dry period. The microwave radiometer 

system described in this paper measures energy emitted from the contamination layer 

and could provide a safe, reliable, contactless monitoring method that is effective under 

dry conditions. The relationship between equivalent salt deposit density and radiometer 

output is described using a theoretical model and experimentally verified using a 

specially designed X-band radiometer. Results demonstrate that the output from the 

radiometer is able to clearly distinguish between different levels of contamination on 

insulator materials under dry conditions. This novel contamination monitoring method 

could potentially provide advance warning of the future failure of wet insulators in 

climates where insulators can experience dry conditions for extended periods. 

Index Terms - Insulators, microwave radiometry, insulator contamination, pollution 

measurement. 

 

1   INTRODUCTION 

HIGH voltage insulators form an essential part of high 

voltage electric power transmission systems. Outdoor 

insulators are subjected to various harsh operating conditions 

and environments. Insulators located near coastal regions 

encounter sodium chloride (NaCl) in the form of sea water 

while those located in inland areas may be contaminated by 

road salt and industrial pollutants such as paper pulp, fly-ash, 

cement dust, etc [1-3]. Contamination on the surface of the 

insulators enhances the chances of flashover. Flashover is one 

of the most common causes of failure of HV insulators 

resulting in the loss of power supply and an increase in the 

associated engineering and maintenance costs. The term 

Equivalent Salt Deposit Density (ESDD) is used to indicate the 

NaCl per unit surface area (cm
2
) of the insulator [4]. In dry 

conditions contamination is usually less of a concern due to its 

low conductivity and, therefore, low risk of flashover [5]. 

However in wet conditions, i.e. in the presence of rain, snow, 

fog or dew, the contaminants dissolve to form a conductive 

layer on the insulator surface, initiating leakage current and 

partial discharge (PD) activity, which can ultimately lead to 

flashover [6-8].   

Direct measurements of contamination levels on energized 

insulators are difficult to obtain, especially under dry 

conditions. A standard method given by IEC 60815 to 

determine the contamination level is to measure the ESDD by 

cleaning the insulator in a specific volume of water and then 

measuring the conductivity of the solution [9]. However, this 

method requires the insulator to be taken off-line. On-line 
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contamination monitoring systems in operation are mainly 

based on leakage current (LC) and PD [10, 11]. One standard 

technique to monitor LC and PD on HV insulators employs a 

current transformer (CT) or a shunt resistor installed in series 

with the grounding lead from the insulator. In some cases, an 

electrode ring is fixed around insulator to intercept the leakage 

current before it reaches the ground terminal of the insulator 

[12]. Conventional LC and PD monitoring systems have two 

main drawbacks: 

a. The ring sensor somewhat reduces the creepage distance 

of the insulator and insulation security due to the requirement 

for direct contact with insulator. A CT or a resistor might 

require disturbing the earth lead.   

b. Both LC and PD measurement systems are only effective 

when the contamination layer has been wetted by rain, fog or 

condensation; under these conditions flashover might occur 

before there is time to implement remedial measures such as 

cleaning [13]. 

This paper presents a novel monitoring method based on 

microwave radiometry that enables the contamination of an 

energized HV insulator to be determined under dry conditions. 

Microwave radiometry is one of the basic techniques for 

measuring electromagnetic radiation and has been widely used 

in astronomy, meteorology, oceanography, geography and 

hydrology [14]. Electromagnetic radiation of a material will 

cover a very wide frequency band with the spectrum being a 

function of material’s emissivity and temperature. The 

emissivity of a material represents the relative ability of its 

surface to emit energy by radiation and is referred to as the 

brightness temperature (BT) TB,  defined as the temperature of 

a blackbody that would radiate the same power [15]. A 

contaminated insulator emits a different electromagnetic 

energy level compared to a clean insulator due to the 

contamination layer. Thus, a radiometer, or passive receiver 

that detects the input power in a specific frequency band using 

an antenna, has the ability to monitor pollution level on an 

insulator surface. 

The paper first presents a theoretical model for determining 

the pollution levels on HV insulators that has been developed 

from remote sensing techniques used in the detection of soil 

salinity. Then the design of an X-band (8.0 to 12.0 GHz) 

radiometer with high sensitivity and stability with relatively 

low cost is described. A laboratory experiment was 

implemented to verify the consistency between theoretical 

model and practical radiometer outputs under dry conditions 

based on artificial polluted insulator material flat slabs. The 

results 4 show good agreement between the theoretical and 

experimental results and indicate that this novel monitoring 

method has the potential to provide advanced warning of 

flashover on HV insulators due to pollution. 

2  THEORETICAL MODEL 

Microwave radiometers are widely used in remote 

sensing for soil moisture distribution and work has been 

published on models to provide the soil salinity from 

brightness temperature [16-18]. Obtaining the ESDD of a 

contamination layer can be treatable in a similar manner to 

the soil salinity detection problem. Soil’s brightness 

temperature is affected by several unknown parameters 

including moisture, salinity, bulk density, thickness and 

surface roughness. The contamination layer on an insulator 

is relatively thin with a smooth surface, therefore the 

influence of thickness and surface roughness can be ignored 

when compared to moisture and salinity. The bulk density 

is calculated based on the properties of the artificial 

contamination layer described in IEC 60507 [19]. Thus, the 

only parameters that need to be inferred are moisture and 

salinity.  

Figure 1 shows the structure of the proposed system 

model relating radiometer output to ESDD. Within this 

framework, the dielectric mixing model evaluates the 

dielectric properties of the insulator contamination layer as 

a function of moisture, salinity, environment temperature 

and humidity by assuming it as salt and water affected soil. 

The brightness temperature model describes the relationship 

between dielectric properties, emissivity and brightness 

temperature of a contaminated insulator. Finally, the 

radiometer model converts input power to output voltage 

and is related to system design. 

2.1 DIELECTRIC MIXING MODEL 

The dielectric mixing model developed by Dobson [20] 

is a classical model for remotely sensing soil moisture. It 

gives the dielectric constant of soil as a function of its water 

content. In consideration of the effect of the salt on the soil, 

the dielectric mixing model needs to be modified as this 

model only works under very low salt content. After 

replacing the dielectric constant model for water with the 

dielectric constant model of saline water, developed by 

Stogryn [21], the dielectric mixing model will carry the 

information of both soil moisture and soil salinity. On the 

insulator surface, moisture is a function of air humidity 

which can be easily measured. 

In these models, complex permittivity ε is a complex 

number ε=ε'-jε'' with real part ε' and imaginary part ε''. The 

real part ε' is related to the stored energy within the medium 

and the imaginary part ε'' is related to the dissipation (or 

loss) of energy within the medium. The model will be 

developed from pure water to saline water and finally to the 

salt-affected soil which approximates a contamination layer 

on an insulator surface.  

2.1.1 DIELECTRIC MODEL OF SALINE WATER 

 
Figure 1. Theoretical model of applying radiometry to monitor insulator 

contamination. 



 

Lane and Saxton modified a Debye-type relaxation to 

account for the ionic-conductivity losses caused by the 

salinity of the water [22]. In terms of Stogryn’s 

formulation, the real and imaginary parts of the complex 

permittivity of saline water are respectively given by [17, 

21, 22]: 

{
   

       
         

           

   
   

                 

           
 

     

     

                (1) 

where           is the high frequency limit of    
  and 

                    is the permittivity of free space. 

Following IEC standard 60507 [19], the saline water in the 

insulator contamination layer can be represented as NaCl 

solution, the conductivity of which is given by Weyl [23] 

as:  

                                           
                                                        
                                                       (2) 

where N is the normality of the salt solution and 

dependent on the salinity,        and T is the 

temperature in Kelvin. 

2.1.2  DIELECTRIC MODEL OF SALT AFFECTED 

SOIL 

Dobson’s model in equation (3) below represents the 

dielectric constant of soil as a function of soil moisture, mv, 

dielectric constant of pure water inside soil, εpw, permittivity 

of dry soil, εs, bulk density of dry soil, ρs and bulk density 

of wet soil, ρb. 

{
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where α and β are related to the soil texture. By 

combining equation (3) with Stogryn’s model given in 

equation (1), the dielectric constant of pure water is 

replaced with the dielectric constant of saline water where 

   
     

  and    
      

  . In IEC standard 60507 [19], the 

contamination layer consists entirely of Kaolin, which is a 

form of clay with a typical bulk density of ρb=1g/cm
3
.  

For dry soil, Equation (4) gives the relationship between 

its permittivity εs and bulk density ρs (around 2.66 g/cm
3
). 

                                
         (4) 

Figure 2, which is obtained by equation (3), shows the 

relationship between dielectric constant, soil moisture (M in 

percentage) and soil salinity from the theoretical model. 

The results are shown at the two protected frequency bands, 

1.4 GHz and 10.65 GHz, that are typically chosen for 

microwave radiometer systems operation to avoid 

interference from radar and communication systems [24]. 

Figure 2 shows that the dielectric constant is more sensitive 

to the water content and salinity at 1.4 GHz, a typical 

frequency band used for soil moisture and sea water salinity 

sensors on satellites [16, 18, 25]. However, the wavelength 

at 1.4 GHz is 214.2 mm which is too large to provide a 

reasonable spatial resolution in relation to size of the 

insulators under test. An operating frequency of 10.65 GHz 

(λ=28.2 mm) was therefore chosen to achieve a balance 

between system sensitivity and spatial resolution. 

2.2 BRIGHTNESS TEMPERATURE MODEL  

The insulator’s radiance can be expressed by its 

brightness temperature [26]: 

                   (5) 

where R is the Fresnel reflection coefficient on the 

insulator surface and To is the temperature in Kelvin of the 

contaminated insulator. A brightness temperature model is 

applied to transform the geometry structure of the insulator 

and dielectric properties to emissivity and finally the 

brightness temperature of the contaminated insulator. 

In a practical environment, the insulator is in the air with 

a pollution layer on the surface. The surrounding air forms 

a third layer. We assume that the insulator surface with 

contamination is a double-layer homogeneous dielectric 

plate with a smooth surface, as shown in Figure 3. Thus, a 

double layer model is applied to calculate the brightness 

 
(a)  1.4 GHz 

 
(b) 10.65 GHz 

Figure 2. Theoretical relationship between dielectric constant, moisture 

and salinity at (a) 1.4 GHz and (b) 10.65 GHz (note change in scale). 

 
Figure 3. Double dielectric layer model of contaminated insulator surface. 



 

temperature of the contaminated insulator.  

The reflection coefficient of this double layer is given by 

[27]: 
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Where 

    
  

                  

                   
 (7) 

And  

    
    

 
√  

        (8) 

where λ is the wavelength in free space, εi is the complex 

permittivity of the i-th layer, di is the thickness of the i-th 

layer and θ is the angle of incidence. R12 is Fresnel’s 

reflection coefficient for the interface between the pollution 

layer and the insulator layer. R23 is the reflection coefficient 

on the insulator reverse interface. Normally, the values of 

R12 and R23 are sensitive to vertical or horizontal 

polarization. However, the radiation is produced 

independently by a large number of atoms or molecules 

whose emissions are uncorrelated and generally of random 

polarizations. R12 and R23 are not sensitive to polarization in 

this case. The angle of incidence θ keeps zero during both 

theoretical study and experimental setup.  

2.3 DISSCUSSION 

Figure 4 presents the relationship between salinity, 

frequency, moisture, angle of incidence and brightness 

temperature of a flat glass plane with varying levels of 

contamination. The brightness temperature increases with 

increasing salinity of the contamination layer at 0° angle of 

incidence as shown in Figure 4. The sensitivity of the 

brightness temperature to salinity is higher at high moisture 

levels. Therefore, the radiometer will have better sensitivity 

to detect the ESDD of contaminated insulators under wet 

conditions than under dry conditions. In the following 

experiment, the thickness of the pollution layer was varying 

from 0.3 mm to 0.7 mm. In this range, the thickness 

changes the brightness temperature but is much less 

significant compare to the salinity based on the theoretical 

model. Thus, the effect of the thickness was ignored in the 

experiment. 

3  RADIOMETER SYSTEM 

The radiometer system developed for monitoring 

pollution levels on insulators, shown in Figure 5, is based 

on a Dicke radiometer with a superheterodyne architecture 

[14]. The radiometer system can be divided into five 

sections: (1) RF input, (2) front-end, (3) downconverter, (4) 

back-end and (5) data acquisition (DAQ). The RF input 

signal to the radiometer systems is captured using a horn 

antenna with 20 dB gain, pointed towards the insulator 

sample. The system used in these experiments is a passive 

receiver with a centre frequency of 10.65 GHz and 1 GHz 

bandwidth. The output voltage of the radiometer is linearly 

proportional to the input power at the antenna. The design 

of the system has focused on optimizing accuracy, stability 

and sensitivity while using a relatively low cost 

architecture.  

3.1 RADIOMETER DESIGN    

The RF input module detects the RF emission from the 

polluted sample under test and an external reference signal 

from a clean sample. The front-end circuit of the radiometer 

has two main tasks: selecting the input frequency band by 

filters and amplifying the RF signal by a low noise 

amplifier (LNA) prior to the downconverter and the low-

frequency circuit. The superheterodyne circuit 

downconverts the X-band input signal to a 0-500 MHz 

signal. The back-end circuit again uses a LNA and a low 

pass filter to further improve the signal-to-noise ratio before 

a square-law detector provides a dc output voltage. After 

further amplifying and filtering, the dc output is captured by 

a DAQ card and a digital lock-in amplifier synchronised to 

the switching between the contaminated and reference 

signals.  

3.2 SYSTEM ANALYSIS 

The classical Dicke radiometer, shown in Figure 6, uses 

an RF switch to allow continuous comparison between the 

input power and an internal reference.  

 

Figure 5. Block diagram of the X-band Dicke radiometer with external reference for monitoring contamination level on insulator surface.  

 
Figure 4. Theoretical relationship between Brightness temperatures and 

salinity at different moisture level for varying levels of moisture content, 

M.  



 

The output of this Dicke radiometer can be expressed as 

[14]:   

                           

                                                                                (9) 

where c is a constant, G is the system gain, TR is the 

equivalent antenna temperature of the internal reference 

signal and TNs is the system noise temperature generated by 

the thermal noise and instabilities of the individual 

components in the radiometer system. TA is the antenna 

temperature which relates to the brightness temperature of 

the sample and background radiation and can be expressed 

as:   

                                        (10)                   

where TAP is the antenna temperature generated by the test 

sample and TNPE represent the contribution to the antenna 

temperature due to the background radiation of the 

surrounding environment of the test sample. 

During initial testing of the Dicke radiometer on the 

insulator samples, the system was found to be very sensitive 

to external environmental conditions, such as changes in 

ambient temperature, background light and external RF 

interference. To address this issue an external reference 

signal from an antenna pointed at a clean sample was used 

to replace the internal thermal reference used in the 

classical Dicke radiometer system. Thus, TR in Equation (9) 

can be replaced by: 

                       (11) 

where TAC is the antenna temperature generated by the 

reference sample and TNCE is the antenna temperature 

generated by the background radiation of the reference 

sample. It was important to minimize any difference in the 

positioning of the samples relative to the antenna to ensure 

the samples have same experimental conditions, such as 

surface temperature and background EM noise. After 

replacing the internal reference of the classic Dicke 

radiometer with an external reference antenna Equation (9) 

is modified to: 

                                       

                                                       (12) 

Since the polluted and clean samples have similar 

surrounding environmental conditions, these components 

will cancel out, allowing Equation (12) to be expressed as: 

                                       (13) 

The system output becomes dependent only on the 

brightness temperature differences between the polluted and 

clean insulator. The difference in the brightness temperature 

can be correlated to a change in ESDD levels.  

3.3 RADIOMETER CALIBRATION 

The calibration of a conventional Dicke radiometer uses 

two RF terminations with different, well-known noise 

temperatures to replace the antenna at the radiometer input. 

The relationship between antenna temperature and output 

voltage can be found from two data sets according to 

Equation (13). In our system, the external reference does 

not have a constant noise temperature compared to an 

internal reference. Thus, the system output voltages of two 

clean samples with the same material and geometry as the 

external reference but at different thermal temperatures are 

recorded to give the system equation: 

                                                         (14) 

where Vdiff is the output voltage after lock-in amplifier, 

Voffset = 21.0 mV is the calculated internal voltage difference 

brought by RF switch and Tdiff is the antenna temperature 

difference between sample and reference.  

4  EXPERIMENT 

4.1 SAMPLE PREPARATION    

To remove the effect of the complex surface geometry of 

the HV insulators for the purpose of testing the concept, it 

was decided to use flat glass and porcelain samples with 

dimensions of 500 mm × 200 mm and 8 mm thick. The 

solid layer method recommend by IEC standard 60507 was 

employed to form an artificial pollution layer on the sample 

surfaces [19]. This method involves uniformly spraying a 

pollution suspension on the sample surfaces to form a solid 

layer.  

The composition of the suspension used in tests 

contained 6.5 g Kaolin, 150 g water and a suitable amount 

of NaCl to control the ESDD level. A 150 ml suspension 

was sprayed evenly on one sample surface and the sample 

was then left to dry for 48 hours in a low humidity room. 

After the test had been completed, the solid layers were 

washed off with 500 ml distilled water and the ESDD of 

each sample was obtained by measuring the conductivity of 

the washing water and then calculated using Equation (15) 

[8]: 

       {
           

            
              (15) 

where Sa is the salinity, σ20 is the conductivity of the 

NaCl solution corrected to 20 °C, V is the volume of 

distilled water and A is the sample surface area. 

Six pairs of glass and porcelain samples were tested, each 

with different contamination levels. Table 1 lists the 

properties of the contamination layers on these sample 

pairs. 

4.2 EXPERIMENTAL SETUP    

It is important to insure the external reference and 

samples under test have the same experimental conditions, 

such as surface temperature and background EM noise, as 

differences between TNPE and TNCE will affect the output 

voltage as given in equation (12). Both samples and 

 
Figure 6. Block diagram of the classical Dicke radiometer with a 

superheterodyne architecture. 



 

antennas were fixed with specially designed clamps to 

minimize any difference in the positioning of the samples 

relative to the antenna. The radiometer was allowed to 

stabilize for 1 hour before the test to achieve thermal 

stability within the system. 

The output voltage for each sample was averaged over 40 

measurements to reduce experimental variation and to study 

the repeatability of the measurements. For each 

measurement, the radiometer outputs were recorded with a 

system integration time of 20 seconds to provide a single dc 

value which presents the average brightness temperature 

difference between the sample and the reference within this 

time period. Figure 7 shows the radiometer system, glass 

samples and the experiment setup 

4.3 RESULTS 

Figure 8 shows a typical output voltage from the DAQ 

prior to the digital lock-in amplifier. The output voltages of 

the sample and the reference presented are clearly 

differentiated by about 30 mV and the value would be 

further amplified by the lock-in amplifier. White noise on 

the output signal was caused by the thermal noise of the 

radiometer components. The transient noise pulses may be 

attributed to either switching or external RF interference.  

In order to verify the agreement between the 

experimental results and the theoretical model, the 

theoretical brightness temperature for the experimental 

samples was calculated using equations (1) - (8) and the 

ESDD values given in Table 2 and then converted to 

radiometer output voltages using equation (14). Figure 9 

shows the comparison of the theoretical model with 

experimental results of the glass and porcelain samples 

under dry conditions.  

Figure 9a shows good agreement between the theoretical 

model and the experimental results for glass samples. The 

output voltages from the radiometer system increased with 

increasing ESDD levels on the glass samples. The error 

bars of experimental results show the variation in 

measurement taken over the results from 40 repeated tests. 

Although there were overlaps of the error bars between the 

neighbouring samples (e.g., 4 and 5) due to system drift, the 

average results matched with theoretical model and could 

be used to distinguish the ESDD levels clearly. The 

disagreement of the first sample may be attributed to 

uneven distribution of contamination layer at the low 

concentration levels of NaCl. For samples 5 and 6, the 

theoretical model presented higher output voltages than 

experimental results due to the NaCl saturation of the 

suspension under high salinity not being considered in the 

theoretical model.  

The results were similar on the porcelain samples, with 

Figure 9b showing good agreement between the theoretical 

model and the experimental results. The theoretical model 

also provided higher readings than experimental results on 

samples 5 and 6. However, the overlaps of the experimental 

results became more pronounced. By comparing the output 

voltage range, the ceramic samples had 1.5 mV voltage 

difference between sample 1 and sample 6 while the glass 

samples had 5.6 mV difference. This means the system is 

less sensitive to contamination on the porcelain samples.  

Figure 10 plots the theoretical values of brightness 

 
(a) 

 
(b) 

Figure 9. The relationship between the ESDD levels on the (a) glass, and  

(b) ceramic samples and the output voltages of both the experiment and 

the theoretical model. 

Table 1. The properties of the contamination layers on 6 sample pairs. 

Sample 

pair 
NaCl (g) 

ESDD on glass 

(mg/cm2) 

ESDD on porcelain 

(mg/cm2) 

1 3 0.0236 0.0205 

2 6 0.0436 0.0463 

3 9 0.0641 0.0635 

4 12 0.0827 0.0789 

5 15 0.1027 0.0902 

6 18 0.1176 0.1085 

 

 
Figure 7. Radiometer system, glass samples and the experiment setup 

 
Figure 8. Output voltage of radiometer before the digital lock-in amplifier. 



 

temperature for the porcelain and glass samples as a 

function of ESDD on the same scale. From Figure 10 we 

can calculate the rate of change of the brightness 

temperature as a function of ESDD levels. The glass 

samples had a rate of change of approximately 1.25 

K/(mg/cm
2
) whilst the porcelain samples had a rate of 

change of only 0.33 K/(mg/cm
2
). The difference in the rate 

of change of the brightness temperature for the glass and 

porcelain samples can be attributed to the difference in the 

complex permittivity, εi, and reflection coefficient, R, of the 

different layers, which will have a strong effect on their 

brightness temperature as defined in equations (5-8). This 

indicates that the radiometer will have different efficiencies 

for detecting contamination level on differing insulator 

materials.  

 

5  CONCLUSION 

This paper has described a theoretical and experimental 

study into the feasibility of using an X-band radiometer to 

assess contamination level on HV insulators under dry 

conditions. The theoretical model employs the principles of 

remote sensing techniques to evaluate the relationship 

between the contamination layer equivalent salt deposit 

density levels, complex dielectric properties and brightness 

temperature. An X-band radiometer was designed and 

implemented to measure the radiation from a polluted 

surface relative to a clean surface. The samples were 

polluted based on IEC standard 60507. The radiometer 

system performed about 30 mV difference between polluted 

and clean samples. The experimental results show good 

agreements with the theoretical model and validate the 

proposed method. According to the experimental results, 

this novel method is effective under dry conditions and has 

more sensitive response to contamination on glass surface 

rather than porcelain surface. The work provides a 

foundation for future investigations into the development of 

an on-line monitoring system for insulator pollution that is 

effective under dry conditions. However, to develop a 

practical system a number of challenges will need to be 

addressed including improving the system sensitivity and 

providing an internal reference signal to replace the use of 

the external clean insulator. A system with active power 

source is under development to address these problems. 

In future, the effects of complex insulator surface 

geometries and non-soluble salt deposit density will be 

studied. The system will be also tested for monitoring 

energized insulators to evaluate the effect of non-uniform 

electric field around insulator. Because this novel method is 

strongly influenced by external noise from the surrounding 

environment, further denoising technology will be studied 

for the onsite tests.  
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