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Abstract 

Electrical conductivity of the tissue can be measured via eddy current sensor and it can be used to 

distinguish cancerous tissue from healthy tissue. The conductivity of healthy and cancerous tissues is 

different due to the strong correlation between necrosis in tumor and the associated membrane 

breakdown [10]. Three types of similar electronic set ups with different components based on eddy 

current technique were investigated to measure electrical properties of tissue in vitro  as well as test 

and evaluate the electronic setups. This paper describes new application of eddy current sensor, one of 

basics of non destructive testing, NDT, in biomedical engineering. For medical purposes, conductivity 

of tissue or tissue equivalent samples is evaluated and compared with other specimens via sensors based 

on eddy current techniques. To reach the aim, the electronic setups are evaluated via measurements on 

targets with predetermined conductivities. Eddy current was induced in targets by magnetic field of the 

coil and that eddy current generated a secondary magnetic field which opposed the primary magnetic 

field and affect the inductance and consequently the impedance of the coil. The measured output 

(RMS-value or its amplitude) from bridge circuit is correlated to the change in coil’s inductance and 

impedance and those are proportional to change in conductivity of the targets. Prominent sensor 

characteristics such as quality factor, inductance and operating frequency considered to be high 

enough and desired sensor dimensions are assessed.    
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1. Introduction 

The age-adjusted incidence of prostate cancer rate in the United States of America was 154.8 per 

100,000 men per year (the rates are based on cases diagnosed in 2005-2009 from 18 surveillance 

epidemiology and end results geographic areas in the US) [1]. 110,000 cases were registered in the 

national prostate cancer register in Sweden in the period 1996-2009 [2]. Statistically, prostate cancer is 

one of the most common type of cancer in men in the USA and Europe  [1, 2, 3] and diagnosing cancer 

in the early stage of disease is an essential and important issue prior to therapy.  

Among conventional methods to diagnose cancer e.g. radiation based diagnosing methods and 

microscopic examination of biopsies which are problematic, invasive, expensive, inaccurate and involve 

side effects [4, 5], recently some efforts have been focused on applying non-destructive testing, NDT, 

operated  based on resonance and eddy current sensor technologies for the medical care [4, 5]. 

Electrical properties of tissue can be utilized to distinguish cancerous tissues from healthy tissues as 

cancerous tissue are more stiff than normal tissue and their mechanical and electrical properties are 

different [5]. Previous researches have shown that the conductivity of tumor (in liver and colon tissue) 

was significantly higher than the conductivity of normal tissue over the entire frequency range (10 Hz 

to 1 MHz), with more pronounced differences at lower frequencies [10, 38], while some studies of 

human normal and cancerous prostate tissue, reported lower conductivity of cancerous tissue versus 

normal tissue [13, 39]. The difference in conductivity of healthy and cancerous tissues is owing to the 

strong correlation between necrosis in tumor and the associated membrane breakdown [10].   

Eddy current is a circular-electrical current induced in an object that is situated in a magnetic field 

[19]. An alternating current (AC)-driven coil that induces a magnetic field, and a signal processing 

block are developed to induce eddy current in a target e.g. tissue. Electrical conductivity is an intrinsic 

property of a conductive material and is a physical quantity of an object reciprocal to its resistivity 

[16]. Tissues in the body are conductive and their conductivity can be measured by estimation of the 

impedance deviation which conductivity depends on. For nonmagnetic materials e.g. tissue, the change 

in impedance of the coil can be correlated directly to the conductivity of the material [29]. 

The origin of eddy current testing goes back to 1831 when Michael Faraday (1791-1867) discovered 

electromagnetic induction, however, it was not until the Second World War that this effect was put to 

practical use for testing materials [6]. Since then, eddy current testing and NDT have been developed 

and being applied not only in industries but even for medical purposes especially in diagnosis.  

This paper is based on some academic work with analogous intentions to this research aim, such as 

measurement the electrical conductivity of hepatic tumors [10], measurement of electrical resistivity of 

beef [11], structure and design of conductivity sensor for biomedical applications [12], tumor 

conductivity measurement with the magnetic bio impedance method [13]. 

The main aims of this project are to develop a novel instrument and sensing method to measure 

electrical properties of tissue e.g. conductivity as well as analyzing sensor characteristics, suitability 

and efficiency and assess target and relevant electronic circuits for the intention.  
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The work is comprised of construction of an electronic set up including coil (sensor) and electronic 

circuits for the measurement system. Also, test and evaluate the electronic set up characteristics and 

configuration on tissue phantom material and studying literature on eddy current technique, eddy 

current sensor, electronic circuit and their biomedical applications were a basic part of the research. 

By this, the methodology of this research could be divided into three general sectors as:  

 Study academic literatures and resources 

 Empirical setup 

 Measurement 

By perception of adequately relevant knowledge, efforts are assigned to empirical setup including 

inductors, electronic circuit and connections and target preparation. Empirical setup are  explained in 

details in section 5.   

2. Background 

Eddy currents also called Foucault current, the name comes after Jean Bernard Leon Foucault (1819-

1868) a French physicist who discovered eddy current, [17] are created through a process called 

electromagnetic induction. The word 'Eddy' literary means a current of which water, air and other 

fluids moving contrary to the direction of the main current, especially in a circular motion [18].  

NDT based on eddy current sensors has been developed and widely used in industries e.g. nuclear power 

plants and aerospace industries, oil, piping and electronic companies since early 20th century [7], to 

detect defects and measure some physical quantities e.g. pressure, conductivity, temperature, magnetic 

field flux of the specimens to be tested. The sensor type depends upon application and purpose [8, 9].  

3. Methodology 

The method is based on creating eddy current, described in section 4.1, induced by an AC-driven coil in 

the target e.g. tissue. That eddy current induces a secondary magnetic field in and around the target 

opposite to its generator (primary magnetic field) in direction. The strength of eddy current within the 

target depends upon the distance between target and the coil (standoff), e.g. the eddy current density in 

the target fall down exponentially with distance from the surface. This phenomenon is known as the 

skin effect (see figure 1).     

                                                                                                                                   
Figure 1.Strength of eddy current in percent as a function of depth [1]. 



Page | 7  

 

Eddy current circuit is operated by an AC-power source in a fixed frequency and this is backed up with 

a signal processing block comprised by an electronic circuit, direct current (DC)-power supplier and a 

versatile oscilloscope to get a measurable electric signal (see figure 2) [14]. Electrical properties of the 

target is measured by monitoring and estimating the deviation in output e.g. amplitude, phase and 

RMS (DC-voltage) [15]. 

The target impedance (due to its conductivity) determine the size of eddy currents which in turn will 

affect the coil [15]. 

                                                                 
Figure 2. Eddy current sensor components [2]. 

Measurements were implemented by preparing three setups. The first setup was prepared by 10 MHz 

bandwidth amplifiers and hand-made coils. The second setup was provided by 15 MHz bandwidth 

amplifiers and machine-made ferrite-core coils with higher inductance (68 µH) compared to hand-

made coils. The third setup was prepared by 10 MHz bandwidth amplifiers (as in the first setup) and 

machine-made ferrite-core coils with a much higher inductance value (1000 µH).   

The change in voltage in bridge circuit (see figure 6) which is the output (RMS value or its amplitude) 

is registered and it can be used to estimate the changes in the sensor inductance (∆L). Changes in 

inductance (∆L) are directly proportional to changes in impedance (∆Z) via:  

                                                                                                           eq.1                                                                               

where j is the imaginary unit and   is the angular frequency.  

Consequently, the ∆Z, with some approximations, is related to the changes in the conductivity (∆ ) 

according to reference [12].  
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4. Theory 

4.1 Eddy current 

When an AC current flows in a coil in close proximity to a conducting surface (target) e.g. tissue (see 

Figure 3) the magnetic field of the coil will induce eddy currents in that surface (target). The induced 

eddy current, consequently, will produce a magnetic field which oppose its origin in direction (to be 

known as Lenz's law) [19]. The magnitude and phase of the eddy currents will affect the loading on 

the coil and thus its impedance [19]. One can detect changes in the material of interest by monitoring 

the voltage across the coil [20]. 

                                                                                                       
Figure 3. Principles of eddy current [3]. 

4.2 Sensor  

There are several eddy current sensors with a wide range of applications. One proper sensor is the 

classical eddy current sensor operated as an air-core coil. As a small sized sensor is more applicable for 

this research purpose, sensors based on the wire-wound coils are the best choice, thus focus is on this 

category of sensors [14]. 

The air-core coils are not influenced by surrounding electromagnetic fields and can afford to have 

higher cut-off frequencies compared to sensors with a ferromagnetic core, however, ferrite core coil, 

FCC, has more sensitivity and dense magnetic density near the coil. These are the sensors of choice 

when very fast and dynamic measurements are required [14].  

Eddy current sensors can be operated with carrier frequencies ranging from 100 kHz to 10 MHz [20]. 

One advantage of an eddy current sensor is that non conductive material between the sensor and the 

target is not detected and the system can operate properly in a not very clean condition [21]. 

Practical eddy current sensors have a diameter in range of a few millimeters to a meter and have 

maximum sensing ranges roughly equal to the radius of the coil. The sensor system consist of four 

components: target, sensor coil, sensor drive electronics and a signal processing block (see figure 2) 

[14]. 
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Each coil has some intrinsic physical characteristics i.e. quality factor (Q), inductance (L), resistance 

(R), capacitance (C) and impedance (Z) which all are variable. The Q depends on coil operating 

frequency (   ), L depends on coil dimensions (number of turns, diameter and length of the coil and 

cable), R depends upon resistivity and coil characteristics, C depends on permittivity of insulator and 

length of the wire and Z is resistance and inductive reactance dependent.  

Impedance, Z, is the property of a circuit that measures the opposition of the circuit to the passage of a 

current and therefore determines the amplitude of the current and is measured in Ohm (Ω). Impedance 

is merely the resistance (R) in a DC circuit. In an AC circuit, however, the reactance (X) has to be 

taken into account. Inductive reactance (  ) is the property of an AC circuit which opposes the change 

in the current and its unit is (Ω) [16].  

The distance between target and sensor, standoff (x), (see figure 2) and also temperature affect the Z 

and L of the sensor [14]. Both L and R change with x. The L decreases as the target approaches the 

coil and the R usually increases. The L and R are prominent characteristics of the sensor as they can 

be used directly in circuit design [14]. 

The Q for an ultimate performance of the sensor, is defined as : [14] 

      
     

    
                                                                                       eq.2 

where,   is operating angular frequency of the sensor in  rad/s . Quality factor is standoff dependant 

since both L and R are functions of displacement. A high Q is preferred since it provides a purely 

reactive sensor as well as a higher accuracy and stability [14]. 

There are some equations to estimate the unloaded inductance, the inductance of the free coil with no 

target, which depend on the coil characteristics. Wheeler's equation for a single layer-air core coil was 

used to calculate L [22, 23, 24, 25] : 

       
     

     

                  
                                                                    eq.3 

where       is the average diameter of the coil in meter (m), n is the number of turns,       is the coil 

length in meter (m) and L would be estimated in     . 

All cables have inductance (      ), capacitance (      ) and cable resistance (      ) whereby system 

design and performance are affected by in several ways. The inductance of the cable adds to that of the 

coil and it reduces sensor's net sensitivity as it is static (not sensitive to displacement) [14].        is 

estimated as [26] : 

              [          
       

     
     

 

 
  

     

      
]                      eq.4                                                                                                                                                                                            

where       is the length of the wire or cable,       is the wire or cable diameter and   is the 

permeability of the material which is approx. 1 for all metals except iron and is measured in (H/m). 

The total amount of the inductance is : 

                                                                                                        eq.5 
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Temperature and cable movement could create alteration in cable capacitance which produces 

measurement errors. Another issue that one should be cautious about is noise traceable to cable 

vibration. Eddy current sensors are very sensitive to hand moving near a twisted pair that appears as 

an observable displacement error, thus shielding around cable is essential [14], however, in our 

electronic setup and measurement all cables was fixed and stuck with tape and measurement was 

recorded when electronic setup was stable (instead of shielding).   

Electric charge can be restored between two conductors which are separated by an insulator, thus any 

two wires (with an insulator between them) can store charges. The stored charges can affect how the 

cable behaves during testing. The cable capacitance,       , depends on the kind and shape of the cable. 

In our case, that is a thin wire covered by an insulator, the capacitance between two parallel wires can 

be estimated as [27] : 

      
          

       
 

  
 
                                                                                          eq.6 

where    is the permittivity of the specimen (insulator) in Farad per meter (
 

 
), d is the distance 

between two wires measured from centre to centre and a is the wire radius, all measured  in meter (m) 

(see figure 4). 

                                                                                                                                          
Figure 4.Parallel wire capacitance [4]. 

The resistance of a cable depends on its dimensions and material:  

        
     

 
                                                                                      eq.7 

where A is the cross-section of the cable in (  ), and ρ is the resistivity of the coil windings in ohm-

meter (Ω.m). 

The DC-resistance,    , of the coil windings can be estimated by equation 8 [14]: 

      
        

   
                                                                            eq.8 

where n is the number of turns,    and   are the outer radius and inner radius of the coil respectively 

in (m), w and t are the dimensions of the wire in (  ).  

The worst-case AC-resistance, which is higher than the DC-resistance, because of the skin effect and 

proximity effect, would be [14] : 

                                                                                                   eq.9 

The resistance of the coil is in series with the        and it contributes to a reduction in Q and to 

temperature drift [14].                                                                                                                                                       

                                                                                                    eq. 10 
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Although to maximize the Q the sensor should operate at high frequency, the frequency must be kept at 

least a factor of three below the self-resonant frequency (SRF). SRF is the frequency where the 

inductance reaches its maximum value (see figure 5). It is measured in Hertz (Hz) and defined as [14]: 

    
 

  √                
                                                                              eq.11 

where      is the total inductance,       is the wire capacitance and      is the inter-winding 

capacitance which is assumed to be zero for single layer coils, both are in Farad (F). 

                                                                                                           
Figure 5.The frequency dependence of the sensor [5]. 

The minimum frequency coincides with the maximum inductance and occurs at maximum standoff for 

the LC oscillator circuit. We are interested in applying the maximum frequency, which should be 

twice the minimum (to be no more than the 1/3 SRF) so that the cable and inter-winding capacitance 

have only a small effect [14]. 

   

 
     

   

 
                                                                                     eq.12 

where     is the operating frequency (usually in MHz) that should be selected in a range as a coil can 

be operated with, to work as an inductor at all [14]. 

Thus, the unloaded Q (the Q of the free coil with no target) is [14] : 

  
             

     
                                                                                             eq.13 

For a typical design, the unloaded Q should be more than 15 [14]. 

To obtain a higher Q, we need to increase the inductance. Factors that influence on L and enhance the 

Q of inductors are as follow: 

 Increasing the number of turns 

 Decreasing the series resistance,      , of the windings by increasing the wire gage used. Larger 

wire has a lower resistance per unit length. 

 Spread the windings. Air gaps between the windings decrease the distributed capacitances [14]. 

The inductive reactance and magnitude of impedance are defined as [16, 28]: 

                                                                                                          eq.14 
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    √  
                                                                                       eq.15 

For numerical values of the sensor physical quantities, eq. 2 to eq. 15, and coil characteristics see tables 

I. 1 and I.2 in appendix I. 

Factors in sensor design 
I. Increase Q by increasing frequency and inductance and decreasing resistance, using a wire-

wound coil for small sensors. 
II. Enhance the number of turns and the diameter of sensor to acquire higher inductance. 

III. Operate the coil at higher frequency by increasing Q and reducing power in the sensor [14]. 
 

Limitations 
 

I. It is difficult to achieve high Q with a small sensor. 
II. Higher inductance leads to lower SRF. 

III. There is a limitation to stay below SRF and also higher frequency increases power in the 
electronics [14]. 

IV. The measuring distance is typically 30% -50% of sensor diameter [30]. 
 

4.3 Target 
 

Material property 

Low resistivity-metallic targets are the best material for overall system stability [30]. Normal tissue 

has less conductivity (≈0.35 S/m for prostate tissue) than metal (38      S/m for aluminum) [13, 14]. 
Electrical conductivity of beef and liver are about 0.27 S/m at 100 kHz and 0.46 S/m at 1 MHz 
respectively [10, 11]. 
 

Thickness 

The target has to be a minimum thickness for optimal results since an eddy current sensor’s field 

penetrates the target to a certain depth [32], however, target thickness less than eddy current range may 

give aberrant results as the objects behind the target may be detected by the sensor. Field penetration 

depends on magnetic permeability and conductivity of target material as well as on operational 

frequency.  

The density of the eddy current drops exponentially with distance from the surface due to the skin 

effect (see figure 1). The distance where the density of the current decreases to the (1/e) (≈ 37%) of its 

surface value is known as the skin depth ( ) and expressed as [14] : 

   √
 

    
                                                                                                    eq.16 

where   is the operational frequency in (rad/s),   is the magnetic permeability in (H/m),   is the 

conductivity in (S/m) and   would be measured in meter. Thus the lower conductivity, permeability and 
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frequency, the more deeply the eddy current penetrates [33]. For non-magnetic material the magnetic 

permeability is [15]:                     ⁄  . 

Eddy current density is about 5% of the surface density at three skin depths. The minimum target 

thickness suitable for optimum performance is recommended to be three times the skin depths [32]. 

 

 

Size and shape  

An ideal target shape is a flat surface that is at least 2.5-3 times the unshielded sensor diameter and 

1.5-2 times the shielded sensor diameter [31]. 

 

Surface 

As this technology has a large spot size, the difference between smooth and rough surfaces is 

insignificant because the total area beneath the sensor is averaged.  Impurities e.g. dirt and oil have 

negligible effect and eddy current-discontinuity may occur due to an adequately deep and wide surface 

crack or disconnection [31]. 

 

4.4 Circuit 

Target displacement creates a change in sensor impedance, thus there is a need to convert this 

alteration in impedance to another electrical parameters such as the amplitude, voltage, phase or 

frequency [14]. 

Since the inductance should be loaded by AC, we need to focus on AC circuits. One of the parameters 

we are interested in, to receive from circuit output is impedance. Thus bridge circuit is one of the best 

alternatives to opt. Bridge circuits can be utilized to define the value of an unknown impedance by 

means of other impedances of known value [34]. In case of high accurate measurement necessity, these 

circuits are optimum due to a null condition i.e. the bridge is in balance which is applied to compare 

ratios of impedances.  

Generally, bridge arrangement comprises four branch impedances, a voltage source and a detector (in 

our case detector was a versatile oscilloscope). Among some popular inductance bridges e.g. symmetrical 

inductance bridge, Maxwell-Wien bridge, Anderson’s bridge, Owen’s bridge and Hay’s bridge each with 

specific application, the symmetrical inductance bridge (see figure 6) was the most relevant to our 

intention [34]. 
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Figure 6. Symmetrical inductance bridge circuit 

To obtain the balance in the circuit the series resistance has to be adjusted along with the ratio 
  

  
 , if 

only a fixed inductance is applied [34]. 

The balance condition is as follow:  

                                                                                                          eq.17 

As mentioned before, we need a signal processing block to obtain a measurable output signal. To reach 

the satisfactory accuracy and stability of the circuit and also to buffer and amplify the output voltage 

from bridge circuit, two amplifier (abbreviated as amp.) circuits are considered to be applied (see 

figures 7 and 8) [35, p. 382-385]. Figure 7 shows a schematic of a common instrumentation amplifier 

(IA) circuit and figure 8 shows a non-inverting amplifier circuit.

Instrumentation amplifier Non-inverting amplifier 
 

Figure 7.Instrumentation amplifier [7].                                         Figure 8. Non-inverting amplifier circuits [8]. 

The most right amplifier in figure 7 along with four resistors,   's and   's , forms a standard 

differential amplifier (DA) circuit with a gain equal to     ⁄  and a differential input resistance 

equal to    . The two input voltages,    and    are connected to the operational amplifiers, op-amps, 

directly providing very high input impedance [35, p. 382-385]. 
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5. Empirical setup 

5.1 Inductors 

Several coils with different characteristics were constructed by hand to meet a part of research aim. All 

hand-made coils were formed under digital microscope with sufficient accuracy. Inductors were air 

core single-layer coils twisted around a rigid-cylindrical plastic and paper. The preliminary efforts 

were to build two wire wound coils with a distance between turns to hamper the electrical effects of 

wires on each other e.g. short connection as the wire structure was undetermined. The average distance 

between turns was 1 mm.  

The wire was made of thin plastic sheet, lead to a decision to prepare two smaller coils without any 

significant distance between turns in order to enhance the L via increasing the number of turns. The 

other prepared coils, except these four, are not mentioned as they have not been contributed to the 

experimental process.  

The wire was 0.25 mm in diameter and is identical in all hand-made coils. The coils which were bigger 

than other two coils, are called large coils in this paper and the other coils with more turns are known 

as small coils. The symbols, characteristics and physical quantities (according to prior equations) of 

the inductors are shown in tables I.1 and I.2 in appendix I. 

Because of some limitations in construction of the coil and measurements, the following assumptions 
take in to account:  

Assumptions 

1. The distances between all turns are assumed to be the same and equal to 1 mm. 
2. The hollow space between turns is 0.005 mm in width. 
3.                   

 
        

where             is the thickness of insulator around the wire.  

4. The cable insulator is analogous to plastic with corresponding dielectric constant equal to      . 

5. Although eq.6 is valid under condition      , it is still indefeasible here. 
6. The cable is annealed copper material. 

Note: The assumptions number 1, 2 and 3 are taken by estimation under digital microscope and are 
closed to reality. 

 

Assumption consequences 

Assumption number 1 leads to a change in eq.6 as : 

      
                

        
 

  
 

                                                                       eq. 18 

where    is permittivity of plastic and    is permittivity of air. Assumption number 4 specifically will 

determine     by using           where    is vacuum permittivity and equal to              F/m . 
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Assumption number 1 to 5 determine the       and the last assumption specify ρ to be applied in eq.7 

and eq. 8 which is           (Ω. m) for annealed copper at 20°c.  

 

Ferrite core coil 

For the reasons that would be explained in section 7, the necessity of more sensitive sensor with higher 

L and Q was felt. Four ferrite core coils, FCC's, manufactured by Fastron™ corporation were applied 

in two setups. Contrary to the prior sensors, these new sensors have a ferrite core inside. At first, two 

FCC's, designed type SMCC 680K, that were 9.5 mm long with a maximum diameter equal to 4 mm 

were examined. The total length of each of these two sensors including their two legs was 64 mm and 

the diameter of each legs was 0.6 mm (see figure 9). 

 
It is assumed that all four FCC's are axially wire wrapping (longitudinal) as the legs are parallel to the 

magnetic field inside the coil. In initial two FCC's, the unloaded sensor inductance was approx. three 

times higher than the L of hand-made sensor. The SRF of these two FCC's was 2.5 times higher than 

the hand-made sensor and the Q value of new FCC's was 20 at 0.25 MHz vs. Q value of hand-made 

sensor which was 11 at that frequency. The technical data of these FCC's are indicated in table I.3 in 

appendix I. 

 
Figure 9. Schematic of the ferrite core coils SMCC 680K [9]. 
 

The other two FCC's, design type VHBCC-102J, with much higher L (approx. 1000 times more than 

prior coils) had larger diameter (6 mm) and were in 16 mm length excluding their legs. The schematic 

of the coils are shown in figure 10 and their technical data are given in table I.4 in appendix I. 

 
Figure 10. Schematic of FCC, VHBCC-102J [10]. 
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According to the data sheet, the inductance of the latest sensors remains steady in the mentioned value 

(1000 µH) in frequencies below 300 kHz and then it increases dramatically with frequency, thus the 

best range of operating frequency is below 300 kHz and the Q value (   ) is acceptable in this range.  

The impedance diagram of the latest sensors on data sheet shows a peak at 800 kHz while it is 2.5 kΩ at 

300 kHz and it decreases in lower frequencies. 

 

5.2 Circuit setup 
 

At first, some symmetrical-bridge circuits were fixed with different values of electronic components for 

measurement purposes (see figure 6). By proceeding the measurement process and obtain some 

undesirable results, one of the fixed resistors in AC-bridge circuit substituted by a variable resistor, 

resistor 2 in figure 6. 

  was adjusted to 56 Ω and    was 55.5 Ω to reach the balance condition in circuit and also to null the 

inductor response so that the target had more sensible effect (see figure 12). The sensing coil,    , was 

set in a distance from    not to be affected by its magnetic field (See figure 11). 

 

                                                                                                              
Figure 11. Sensor circuit configuration 
 

 
Figure 12. Schematic of sensor bridge circuit  
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Because of a weak response from the bridge circuit, an amplifier circuit was needed. An 

instrumentation amplifier (IA) circuit connected to a non-inverting amplifier circuit designed to 

amplify the output (See figure 13). 

 
Figure 13. Instrumentation amplifier and non-inverting amplifier circuits 
 

The DA in the IA circuit amplifies the voltage between A and B with a gain of     ⁄  , [35, p. 382-

385]. The ratio of the output amplitude of an amplifier to the corresponding input amplitude is called 

the amplification (gain) of the amplifier which for the IA circuit is : 

   (  
   

     
) (

  

  
)                                                                           eq.19 

Corresponding relations for the circuit in figure 13 are as follow : 

                                                                                                     eq.20 

       (
     

  
)                                                                                         eq.21 

where    and    are the entrance voltages from bridge circuit to the IA,    is the exit voltage from IA 

circuit and      is the exit voltage from non-inverting circuit to the measurement system. The resistor 

values at first setup with hand-made coils are shown in table I.5 in appendix I. 

 

The testimony of opting resistor values and attaching the non-inverting circuit is that of existing 

bound off in high frequencies, frequencies near 1 MHz and more, for utilized amplifiers, amplifier 

model CA3140, (See figure 14). At first, the gain of DA, (    ⁄ ), in IA circuit set to 1 and the value of 

             ⁄   set to approx. 10. By this, the accumulated results were undesirable. As it is evident 

from figure 14, the open loop voltage gain of the amp. CA3140 goes to zero decibel by reaching high 

frequencies (1 MHz and more). 

 

Though using all resistors in IA circuit (except      ) with the same values is suggested in reference 

[35, p. 382-385] and is more simple as there is no need to adjust and balance the different resistors for 

symmetrical operation, the gain of DA circuit itself was set to 10 due to obtaining very weak output 

signals at the frequency of interest (720 kHz). Consequently, the obtained gain of DA circuit and 

overall gain of IA circuit were set to 10 and 50 respectively with regard to the resistor values.   
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Figure14.Open loop voltage gain vs. frequency [14]. 

 
Circuit setup for the FCC 
 
The FCC's was setup the same way as the hand-made coils in a bridge circuit format but with different 

electronic components. A fixed resistor was connected in series to adjustable R,    in figure 11, to 

balance and being able to null the bridge circuit (see figure 15).  

In the second setup by FCC's model of SMCC 680K, the adjustable   , the fixed    and the fixed    in 

bridge circuit were set to 1 kΩ (max.), 300 Ω and 850 Ω respectively (according to estimating     via eq. 

15) (see figure 15).   

 
Figure 15.Schematic of sensor bridge circuit 

As these model of FCC's were manufactured to be loaded at high frequencies (≈1-2 MHz), the older 

amplifiers could not be used due to their bound off (see figure 14). Consequently, another amplifiers,  

model of LM 318 N, with higher bandwidth equal to 15 MHz were used (see figure 16).  
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Figure 16.Open loop frequency response of the amp. mode of LM 318 N [16]. 
 

Because of utilized high frequency and amplifier bandwidth, the non-inverting amplifier circuit were 

disconnected from the whole circuit setup and only IA was used. Several resistors with different values 

were used in IA as well as prior setup. As a result of different setups, different gains (3, 6.7, 27 and 53) 

were accumulated and examined. There are no results from the second setup because of non-measurable 

and unrecognizable signal and output due to low L sensors, short sensor diameter (4 mm) and the kind 

of operational amplifiers which were used in the circuit.   

 

The last setup, third one, with FCC's type of VHBCC-102J was prepared due to the deficiencies of the 

second setup. Again, only the IA was used, as in the second setup, because of receiving better signal 

shape and output from measurements. To choose an optimum setup, different resistors with different 

values and gains were examined. Considering the facilities, electronic components and measurement 

conditions at our laboratory, a final setup (with the data showed in table I.6 in appendix I) was opted 

to proceed with the measurements. The adjustable R was set to 6.09 kΩ to null the output signal. 

It was decided to obtain a gain less than 7 due to instrument, specifically oscilloscope, limitation. The 

resistor values indicated in table I.7 in appendix I were used for that purpose. 

The estimated gain is 6.7 with those resistor values according to eq. 19. 

The third experimental setup including measurement instruments are shown in figure 17, 18 and 19. 
 

 
Figure 17. Bridge circuit in the third setup                    Figure 18. IA circuit in the third setup 
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Figure 19. Digital oscilloscope, a wave function generator and third electronic setup 
 
Two digital oscilloscopes (model DSO-X 2002A, Agilent Technology) were utilized as it is shown in 

figure 19. One oscilloscope was responsible to show whether the bridge circuit is in balance, the two 

signals from each FCC are conform on each other and to measure the deviation of phase when the 

sensor is loaded by a target in close vicinity. Another oscilloscope was used to measure the electrical 

properties of the targets, gathering data and illustrating output signals from IA circuit.  

 
FCC's were powered by an AC-wave function generator (model EGC-3230, Escort) and amplifiers were 

loaded by a DC power of +/- 12 V as in the first setup. The connections of the electronic setup are 

depicted in figure 20.  

 

 
Figure 20. Illustration of connections in the third setup 
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5.3 Target setup 
 

Metal target 
To commence the measurement process and examine inductors and relevant electronics setup, a simple 

squared and flat shaped target was considered (see figure 21). The target was a thin aluminum foil 

confined to an area of 4     to cover the whole diameter of sensor. The target was folded several times 

to be 2 mm thick and pressed to be dense.  

                                                                                                              
Figure 21. Metal target 

 

Referring to eq.15, the skin depth of pure aluminum (as a target) with permeability equal to       

      
 

 
  and conductivity of           

 

 
  is indicated in table I.8 in appendix I for some frequencies 

[14]. Recommended target thickness should be three times skin depth [33] and it is well to notice that 

aluminum foil is an alloyed of 92%-99% pure aluminum [36]. 

 

Tissue target 
Three different tissues or tissue equivalent phantoms were prepared. A piece of chicken liver, some 

minced beef including 20% fat and some saline solution applicable for eye rinsing that included an 

amount of sodium chloride, NaCl, identical to the amount of NaCl  in the body were examined (see 

figure 22). 

Liver Meat Conductive water

 
Figure 22. Tissue equivalent phantoms 
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A volume of 105    conductive water was poured into a cylindrical-plastic container with 6 cm 

diameter and 3 cm height (see figure 22). The meat was formed as a squared cube with 2 cm height 

(thickness) and 4 cm in each sides (width and length). The liver target was 1 cm thick in the middle 

(where the measurements were performed) and approx. 4 cm in each sides. 

6. Analysis 

6.1 Measurement on metal target 

Measurements were done at room temperature, approx. 20°c . The large hand-made coils were applied 

for measurements as the Q-value of them were higher than the Q-value of the small hand-made coils. 

The large coils were also more sensitive and had more ranges due to their larger diameter. A digital 

oscilloscope was used to measure the output and the wave function generator (AC-source) was applied 

to make sine wave voltage with the frequency of interest. Inductors were loaded by an AC-voltage 

formed as sinusoidal wave, amplitude of 6.17 V and the frequency of 720 kHz. This frequency was the 

maximum frequency that the applied coils could be operated with to work as an inductor at all (see eq. 

12) where the minimum allowed frequency is half of that. Amplitude was set to 6.17 V to commence 

the measurement from zero output when the sensor is not loaded by any target (i.e. target is far from 

sensor), however, this aim is not achieved and reasons are discussed in section 7. Amplifiers were 

supplied by DC voltage of +/- 12  V. 

For both,  standoff and frequency dependence measurements, the target was set in front of the sensor in 

a fixed distance from the sensing coil as the target surface was perpendicular to the longitudinal axis 

of the coil. 

For standoff dependence measurement, the target was held in various distances from the sensor and the 

output voltage was measured. Measurements are done three times for statistical purposes. Results are 

indicated on table II.1 together with graphs and figures that are attached to the appendix II. The 

standoff distance was controlled with a millimeter scale. 

For frequency dependence measurement, the target was held in three fixed distances (5 mm, 10 mm and 

15 mm) and DC output and amplitude were  measured in different frequencies in every three standoffs. 

Frequency was changed with a step of 50 kHz in a range from 70 kHz  to 720 kHz (maxi-mum 

frequency). Although the minimum allowed frequency is about 360 kHz, the measurements were done 

at  lower frequencies to assess more results and make a better comprehension of the subject. 

Frequencies higher than the maximum frequency (of 720 kHz) were examined but are not used in the 

analysis as their results were evident (output and amplitude increased with increasing the frequency). 

The graphs of these three measurements are shown in figure 23 (output DC-voltage as a function of 

standoff) and figure 24 (output DC-voltage as a function of frequency) and corresponding tables and 

figures (tables  II.1 and II.2, figures II.1, II.2 and II.3) can be seen in the appendix II. 
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Measurement on metal target with FCC's  

Similar methods were used to do the measurements with new electronic setup (with FCC's coils). In 

this case, the range of applied (operation) frequency was from 75 kHz to 350 kHz with regard to high 

L value (1 mH) and SRF (720 kHz) of inductors.  

Frequency dependence measurements were performed as near as possible to the sensor due to the small 

diameter (6 mm) of the sensor. This is because the sensitivity and range which decreased with 

decreasing diameter. Contrary to the prior measurement setup, target surface was located parallel to the 

longitudinal axis of the coil (parallel to the right line of magnetic field inside the coil). It was due to 

the metallic legs of the coil that hindered the targets (tissue equivalent phantoms) to be approached 

and this disturbed the measurement setup.  In the later measurements, the targets were located and set 

to the sensor in the same way as here.  

Standoff dependence measurements were accomplished five times at frequency of 250 kHz.  Each time, 

the target was set in proximity of the sensor and data was recorded with respect to the standoff. The 

graphs (in figures 23 and 35) were normalized to the maximum standoff and standard deviations are 

calculated. 

6.2 Measurement on tissue equivalent phantom 

For frequency dependence measurement, the meat was set in a distance of less than 1 mm from the 

sensor but no contact was made between the meat and the sensor body.  

Four different amplitudes were registered for four standoffs at a fixed frequency of 250 kHz in every 

measurement on tissues. The amplitudes were more stable and reliable values than RMS (DC-voltage) 

in these measurements. The amplitude and DC-voltage show similar trend as :  

    
         

√ 
                                                                                  eq. 22 

7. Results and discussion 

Although it is preferable to set the output to zero when the sensor is unloaded (i.e. target is far from 

the sensor), it was almost impossible to reach this aim and provide a stable output signal 

simultaneously, in the first setup (setup with hand-made coils). In this case, the system showed an 

extremely noisy and unstable results and the setup was not sensible to the target presence at all. 

Accordingly, the effort was focused on to set the output close to zero with unloaded sensor. 

Results from the standoff dependence measurements on the aluminum target indicated a gradual 

increase in output DC-voltage when target moved toward the sensor. The increase in output was higher 

in the standoff approximately equal to the sensor diameter (14 mm) and it showed the highest 

deviation in standoffs equal to the coil radius (7 mm) and shorter standoffs which agree with the 

theory (see table II.1 in appendix II). When target is close to or approach the sensor, L decreases and R 

increases [14], accordingly, DC voltage has to be increased. 
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The oscilloscope did not display a fixed frequency in the measurements with the first setup because of a 

small noise level (see signals in figures from oscilloscope in the appendix II), however, the frequency 

was fixed on the AC source at 720 kHz in all three measurements. 

The deviations in the output voltage with respect to distance are similar in all three measurements. In 

range of 20-30 mm  standoff, the deviation in output voltage was about 0.04 V, in range of 15-20 mm 

the offset was about 0.12 V and in range of 3-5 mm the deviation was about 0.49 V in three 

measurements (see tables II.1 in the appendix II). Higher effects and deviations were observed in closer 

distances to the sensor (see figure 23). 

In figure 23, the graph shows three measurements on different standoffs and their corresponding 

output DC-voltage. The mean value and standard deviations of three measurements at each standoff 

estimated and are shown as black-filled dot and caped line respectively.  

  
Figure 23. Output DC voltage as a function of standoff at fixed frequency of 720 kHz, in the measurement with 

first setup (hand-made coils) on metal target. Mean +/- standard deviation from three measurements runs. 

The raw data and mean values accompanied with standard deviations are shown in table II.1 in 

appendix II. 

The existence of small differences in results are owing to system calibration and adjustment, noise 

from wire wobbling and errors in reading the distances because of unstable measuring system to set the 

standoffs. 

Figure 24 shows the data obtained from frequency dependence measurement. The first, second and 

third series in the figure 24 correspond to measurement in 5 mm, 10 mm and 15 mm standoffs 

respectively. The output DC voltage decreased by increasing the frequency from the vicinity of 

minimum allowed frequency (360 kHz) to the maximum allowed frequency (720 kHz). The maximum 

output DC-voltage occurs in minimum standoff (5 mm) and frequency (around 360 kHz). The output 

decreases slightly both below and above minimum allowed frequency as well as in higher standoffs.  
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It shows what one can expect from theory, that a lower frequency has a higher sensing distance (skin 

depth). This is as a result of that the maximum DC output occurs at a lower frequency when the 

distance is decreased. Corresponding raw data are displayed in table II. 2 in appendix II. 

Figure 24.Output DC voltage as a function of frequency in three measurements (three standoffs) on metal target 

with the first setup. This figure shows how output changes in different frequencies and standoffs.  

Frequency dependent measurement on metal target by third setup (with FCC's) were carried out in the 

range of 75 kHz to 350 kHz. Measurements were performed five times and amplitudes were registered 

as an output (see figure 25). The data, mean values and standard deviations are shown in table III.1 in 

appendix III. 

                                
Figure 25.Amplitudes as a function of frequency. Mean +/- standard deviation from five measurements on metal 

target by third setup (with FCC's). 
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Five DC-voltages (RMS-values) were recorded in different standoffs at fixed frequency of 250 kHz (see 

figure 26). For raw data, mean values and standard deviations refer to table III. 2 in appendix III. 

Figure 26. Mean +/- standard deviation from five measurements. Output DC voltage as a function of standoff in 

measurement on metal target by third setup (with FCC's). 

Measurement on tissue phantom 

The third setup was used to repeat the same measurements on tissue phantoms. To commence the 

measurement process, 105 ml pure water (drinking water) in a plastic container (see figure 22) was 

used for measurements at different frequencies and standoff values then, the water was mixed with 

some salt (NaCl) and salty water was examined by the same parameters. Zero deviation in all outputs 

(DC-voltage, amplitude, signal and phase) were observed. The low sensitivity, inductance and 

operational frequency of the hand-made coil (sensor) assumed to be the reason. In the standoff 

measurement with aluminum target, the highest deviation in output DC-voltage was about 0.5 V (when 

target approached the sensor). The reason for this difference is that the conductivity of aluminum is 

       
 

 
  and the conductivity of normal (healthy) tissue is about 0.38  

 

 
  (less than      times) [5, 

13]. Therefore, decision was made to construct a new electronic setup with FCC's to be capable to apply 

higher frequency, inductance and also to use coils with higher Q values.  

Three tissue equivalent targets were examined with the same methods as used in the metal target 

examination. Targets were set close to the sensor (less than 1 mm). In frequency dependence 

measurement, all soft targets showed similar behavior. The output signal increased with increasing 

frequency from 75 kHz to 350 kHz (see figures 27, 28 and 29). 

In standoff measurement, however, the process was not very accurate due to the instability of the 

measurement setup, inaccurate distance measurement (in range of 1 mm and shorter) and having 

liquid target which made the measurement more difficult. The output signals increased slightly in 

shorter standoffs (see figures 30, 31, 32 and 33). 
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Figure 27, 28 and 29 show how amplitude changes with frequency in measurement on tissue phantoms. 

For raw data, mean values and standard deviations refer to appendix IV.  

                                    
Figure 27. Amplitude as a function of frequency in measurement on meat with third setup (by FCC's). Mean+/- 

standard deviation from five measurements. 

 

                                        
Figure 28. Amplitude as a function of frequency in measurement on liver with third setup (by FCC's). Mean+/- 

standard deviation from five measurements. 
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Figure 29. Amplitude as a function of frequency in measurement on conductive water with third setup (by 

FCC's). Mean+/- standard deviation from five measurements. 

Three tissue phantoms were examined in different standoffs at a fixed frequency of 250 kHz. Figure 

30, 31 and 32 show the slight changes in output (amplitude) as a result of standoff changes and figure 

33 is prepared to compare the response of three tissue phantoms in the different standoffs. In figure 33, 

the graphs are normalized to the minimum amplitude obtained from measurement on each target to 

make a better comparison. The numerical data, mean values and standard deviations are attached to 

appendix V. 

  
Figure 30. Amplitude as a function of standoff in measurement on meat by third setup (with FCC's). Mean +/- 

standard deviation from five measurements. 
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Figure 31. Amplitude as a function of standoff in measurement on liver by third setup (with FCC's). Mean +/- 

standard deviation from five measurements. 

 

Figure 32. Amplitude as a function of standoff in measurement on conductive water by third setup (with FCC's). 

Mean +/- standard deviation from five measurements. 
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Figure 33.Normalized amplitude as a function of standoff in five measurements on each tissue phantom with 

third setup (by FCC's).Mean +/- standard deviation from five measurements. 

The weak response and signals from the measurement on tissue phantom by last setup are due to the 

low operational frequency which caused the low sensitivity of the sensor. Small sensors with small 

diameters have shorter ranges and that is the reason of being sensible in short standoffs to the sensor 

(less than 1 mm). To stabilize the targets in very short standoffs to the sensor and to perform the 

measurements simultaneously, an accurate distance measurement facility and a fixation system for 

setup are essential. The sensor, the cables and the electronic components were sensitive to pressure, 

temperature, movement and hand touching. In this case, an accurate, fixed and shielded setup is 

required.  

The skin depth for tissue with the conductivity of 0.38 (s/m) would be about 160 cm by using low 

operation frequency (350 kHz), thus the conductive materials beneath the target might be detected. To 

avoid this problem, the setup has to be designed so that there is no conducting material immediately 

underneath the test object, however, the result then depends on the thickness of the sample since it is 

much less than the skin depth.  

Because of high amount of fat in meat target, the results were not satisfactory and the output (signal) 

was very weak, however, the results were countable. The meat phantom (minced beef) included 20% fat 

which is a poor conductor compared to the muscle tissue in the meat. A tissue phantom analogous to 

the human body that meets the criteria in section 4.3 is an appropriate target.  
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In spite of all mentioned limitations in the setup and the target (phantom) preparation, the 

measurement results and analysis express that the electronic setup can be applied for the intention 

(tissue conductivity measurement) and that the hypothesis (if the setup can meet the intention) could 

be put in action. One could acquire better results with this setup by resolving the problems and 

restrictions.  

8. Outlook 

NDT based on eddy current technique is an irreplaceable method of detecting the defects in objects or 

measuring physical quantities due to its versatile applications and advantages [37]. 

Measurement of tissue conductivity can be used to distinguish cancerous tissue from healthy tissue. This 

method in combination with other diagnosing methods can resolve the limitation of each applying 

method as it is not invasive and non-conductive materials can not disturb the process. The applications 

of conductivity measurement in medicine, industry and environment are developing [12, 13, 14].  

9. Conclusion 

Cancerous tissues are more stiff than normal tissues and electrical conductivity of them are different 

due to the strong correlation between necrosis in tumor and the associated membrane breakdown, thus  

determination of the tissue conductivity can be used to differentiate between cancerous tissue and 

normal tissue. Two electronic setups, among other prepared setups, were tested on four targets with 

predetermined conductivities in several measurements (frequency and standoff dependencies) to 

approve that the determination of tissue electrical conductivity via eddy current sensor is feasible. An 

electronic system based on the eddy current sensor and technique is used to measure electrical 

conductivity differences of tissue phantoms in vitro.  

The output (RMS and amplitude) depends on frequency as higher frequency gives better and higher 

output and also it makes higher the quality factor of the sensor which is preferable, however, one 

cannot operate the sensor with arbitrary high frequency as frequency must remain at least a factor of 

three below the SRF. The output also depends on the standoff. The more close the sensor to the target, 

the higher and better output.  

High Q-value, inductance and     as well as appropriate sensor dimensions are the prominent and 

desired issues in eddy current sensor construction or selection for tissue conductivity measurement.  

The target has to be similar (in structure) to the real tissue to be examined. The lower the frequency 

and conductivity, the more deeply the eddy currents penetrate the target, therefore the target thickness 

has to be more than three times of the skin depth.   

Electronic components and cables are sensitive to physical and mechanical changes in their close 

surroundings, thus the setup should be fixed and shielded. 
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Definitions 

Cancer: any type of malignant growth or tumor, caused by abnormal and uncontrolled cell division. 

Conductivity: the reciprocal of the resistivity of a material.                                                                                  

In vitro: in an artificial environment outside the living organism  

In vivo: occurring or carried out in the living organism 

Inductance: the property of an electric circuit or component that causes an e.m.f. to be generated in it 

as a result of a change in the current flowing through the circuit.                                                                  

Metastatic: relating to or affected by metastasis. Metastasis is a secondary cancerous growth formed by 

transmission of cancerous cells from a primary growth located elsewhere in the body. 

Necrosis: death of cells or tissues through injury or disease, especially in a localized area of the body. 

Resistivity: A measure of a material's ability to oppose the flow of an electric current.                                                             

Tissue: A group of biological cells that perform a similar function.  

 
 

Appendix I 

Symbols: 

n: number of turns 

     : length of wire 

     : length of coil 

     : wire diameter 

  : inner coil diameter  

  : outer coil diameter 

     : average diameter of coil 

http://archives.sensorsmag.com/articles/0998/edd0998/index.htm
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Table I.1 : Characteristics of handmade coils 
 n    (m)    (m)   (m)    (m)    (m)    (m) 

Large coil 1 74 4 0.071 0.00025 0.013 0.015 0.014 

Large coil 2 77 4 0.062 0.00025 0.013 0.015 0.014 

Small coil 1 128 3.5 0.03 0.00025 0.007 0.009 0.008 

Small coil 2 93 3.5 0.022 0.00025 0.007 0.009 0.008 

 

Table I.2 :Technical data of handmade coils 

 Large coil 1 Large coil 2 Small coil 1 Small coil 2 

 (  ) 13.8 17 31.2 21.6 

     (  ) 8.25 8.253 7.128 7.13 

      (  ) 22.13 25.25 38.32 28.7 

     (nF) 0.21 0.21 0.82 0.82 

    (nF) 0 0 0 0 

ρ (Ωm) 1.72e-8 1.72e-8 1.72e-8 1.72e-8 

      (Ω) 1.4 1.4 1.22 1.22 

   (Ω) 0.86 0.9 0.88 0.64 

    (Ω) 1.72 1.8 1.77 1.28 

      (Ω) 3.1 3.19 3.0 2.5 

SRF (   ) 2.33 2.18 0.89 1.03 

     (   ) 0.388 0.36 0.15 0.17 

         

(   ) 

0.77 0.72 0.29 0.34 

Q 17.25 17.86 12.04 12.26 

   (Ω) 107.08 114.24 72.24 62.21 

Z(Ω) 107.09 114.24 72.25 62.22 

 

Table I.3 : Technical data of the sensor SMCC 680K 

L ( H)     (MHz)     (MHz) SRF 
(MHz) 

Tolerance Q     Rated DC 
current (mA) 

68 1.08 2.16 6.5      25 @      1.35 410 

 

 

 

Table I.4 :Technical data of the sensor VHBCC-102J 

L (μH) Tolerance         (kHz) SRF (MHz)     (Ω) 

1000     70 252 0.72 4.2 

 

Table I.5 : Resistor values used in the first experimental setup 

      (kΩ     (kΩ)    (kΩ)    (kΩ)    (kΩ)    (kΩ) 

1 2.18 1 10 1.5 6.77 
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Table I.6 : Resistor values in bridge circuit in the last setup 

Adjustable R     Fixed        Fixed        

10  (max.) 3.8  10  

 
 
 
Table I.7 : Resistors values in IA in the last setup 

    Ω      Ω      Ω      Ω  

3.8  2.2  3.2  10  

 
 
Table I.8 : Skin depth in aluminum for some frequencies 

Frequency 10 kHz 100 kHz 1 MHz 10 MHz 

Skin depth 820 μm 260 μm 82 μm 26 μm 

 

Appendix II 

Table II.1 : Results of the first, second and third measurements with the first setup (by hand-made coils). 
Standoff 

(mm) 

DC RMS (V), 
first 

measurement 

DC RMS (V), 
second 

measurement 

DC RMS (V), 
third 

measurement Mean ± ∆y 

2 2.2 2.6 2.84 2.546667 0.2645 

3 2.03 2.35 2.47 2.283333 0.185 

5 1.69 2.11 2.2 2 0.282 

7 1.45 2.01 2.08 1.846667 0.282 

10 1.31 1.92 1.95 1.726667 0.29 

15 1.214 1.8 1.83 1.614667 0.283 

20 1.146 1.75 1.78 1.558667 0.292 

25 1.124 1.73 1.76 1.538 0.293 

30 1.1 1.71 1.74 1.516667 0.29 

32 1.1 1.7 1.73 1.51 0.29 

38 1.08 1.699 1.71 1.496333 0.29 
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Issue 1 in the first measurement Issue 4 in the first measurement

Issue 7 in the first measurement       Issue 13 in the first measurement              
Figure II.1, Output DC voltage signals related to different standoffs in the first standoff dependence measurement 

 

Issue 1 in the second measurement Issue 5 in the second measurement

Issue 9 in the second measurement Issue 13 in the second measurement              
Figure II.2 : Output DC voltage signals related to different standoffs in the second standoff dependence measurement 
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Issue 1 in the third measurement Issue 5 in the third measurement

Issue 7 in the third measurement Issue 11 in the third measurement  

Figure II.3 :Output DC voltage signals related to different standoffs in the third standoff dependence measurement 

 

Table II.2 : Output DC voltage as a function of frequency in three standoffs with the first setup (by handmade coils). 

Frequency 
(kHz) 

Output DC (V) in       
5 mm  

Output DC (V) in 
10 mm 

Output DC (V) in                
15 mm 

70 1.92 1.9 1.94 

120 1.98 1.93 1.93 

170 2.05 1.95 1.93 

220 2.09 1.97 1.92 

270 2.12 1.97 1.9 

320 2.13 1.97 1.87 

370 2.11 1.94 1.83 

420 2.08 1.91 1.79 

470 2.04 1.87 1.75 

520 1.99 1.83 1.7 

570 1.95 1.78 1.66 

620 1.9 1.74 1.62 

670 1.84 1.7 1.58 

720 1.8 1.66 1.55 
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Appendix III 

Table III.1 : Output amplitudes as a function of frequency. Measurement on metal target by last setup (with 

FCC's). 
Frequency 
(kHz) 

Amplitude 
(V) 

Amplitude 
(V) 

Amplitude 
(V) 

Amplitude 
(V) 

Amplitude 
(V) 

mean ± ∆y 

75 0.23 0.215 0.24 0.24 0.22 0.229 0.01 

100 0.3 0.3 0.32 0.32 0.32 0.312 0.0098 

125 0.6 0.7 0.64 0.6 0.6 0.628 0.04 

150 0.87 1 0.88 0.88 0.88 0.902 0.049 

175 0.8 0.8 0.8 0.8 0.8 0.8 0 

200 0.93 1 1 1 1 0.986 0.028 

225 1.4 1.45 1.5 1.4 1.4 1.43 0.04 

250 2 2 2 2 1.9 1.98 0.04 

275 2.9 2.95 2.9 2.9 2.9 2.91 0.02 

300 4.1 4.3 4.3 4.3 4.3 4.26 0.08 

320 6 6.1 6.1 5.9 6.4 6.1 0.167 

350 10.7 10.6 10.7 10.5 10.4 10.58 0.116 

 

Table III. 2 : Output DC voltage as a function of standoff in measurement on metal target by last setup (with 

FCC's). 
Standoff 

(mm) 
DC (V) DC (V) DC (V) DC (V) DC (V) mean ± ∆y 

0 0.385 0.375 0.37 0.385 0.37 0.377 0.006 

1 0.28 0.275 0.282 0.277 0.28 0.2788 0.002 

2 0.18 0.19 0.2 0.188 0.18 0.1876 0.007 

5 0.107 0.1 0.11 0.115 0.1 0.1064 0.005 

7 0.09 0.085 0.088 0.088 0.09 0.0882 0.001 

9 0.087 0.085 0.088 0.087 0.085 0.0864 0.001 

10 0.086 0.085 0.084 0.086 0.084 0.085 0.0009 

 

Appendix IV 

Table IV. 1 : Output amplitudes as a function of frequency in measurement on meat target by last setup (with 

FCC's). 

freq.(kHz) Amplitude 
(V) 

Amplitude 
(V) 

Amplitude 
(V) 

Amplitude 
(V) 

Amplitude 
(V) 

Mean ± ∆y 

75 0.028 0.025 0.03 0.028 0.03 0.0282 0.002 

100 0.034 0.032 0.035 0.032 0.034 0.0334 0.0012 

125 0.052 0.05 0.055 0.055 0.05 0.0524 0.0022 

150 0.06 0.06 0.062 0.06 0.06 0.0604 0.0008 

175 0.064 0.062 0.065 0.066 0.065 0.0644 0.001 
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200 0.08 0.08 0.085 0.085 0.08 0.082 0.0024 

225 0.1 0.1 0.12 0.12 0.1 0.108 0.01 

250 0.15 0.15 0.16 0.165 0.15 0.155 0.006 

275 0.2 0.19 0.22 0.2 0.2 0.202 0.01 

300 0.28 0.275 0.29 0.285 0.285 0.283 0.005 

320 0.36 0.35 0.37 0.355 0.355 0.358 0.006 

350 0.56 0.55 0.6 0.56 0.55 0.564 0.018 

 

Table IV. 2 : Output amplitudes as a function of frequency in measurement on liver target by last setup (with 

FCC's). 

freq.(kHz) Amplitude 
(V) 

Amplitude 
(V) 

Amplitude 
(V) 

Amplitude 
(V) 

Amplitude 
(V) 

Mean ± ∆y 

75 0.044 0.04 0.04 0.05 0.05 0.0448 0.0045 

100 0.06 0.06 0.055 0.065 0.065 0.061 0.0037 

125 0.09 0.1 0.07 0.12 0.09 0.094 0.016 

150 0.1 0.1 0.1 0.09 0.1 0.098 0.004 

175 0.11 0.12 0.08 0.11 0.15 0.114 0.022 

200 0.14 0.15 0.1 0.15 0.18 0.144 0.025 

225 0.18 0.2 0.15 0.2 0.25 0.196 0.032 

250 0.23 0.24 0.2 0.25 0.3 0.244 0.032 

275 0.31 0.32 0.28 0.35 0.38 0.328 0.034 

300 0.44 0.45 0.42 0.47 0.5 0.456 0.027 

320 0.6 0.61 0.55 0.65 0.65 0.612 0.037 

350 0.99 1 0.85 1.2 1.2 1.048 0.135 

 

Table IV. 3 : Output amplitudes as a function of frequency in measurement on conductive water by last setup 

(with FCC's). 

freq.(kHz) Amplitude 

(V) 
Amplitude 

(V) 
Amplitude 

(V) 
Amplitude 

(V) 
Amplitude 

(V) 
Mean ± ∆y 

75 0.085 0.09 0.09 0.08 0.08 0.085 0.02 

100 0.12 0.12 0.11 0.12 0.11 0.116 0.025 

125 0.25 0.24 0.24 0.24 0.24 0.242 0.224 

150 0.3 0.28 0.28 0.24 0.27 0.274 0.073 

175 0.35 0.32 0.32 0.32 0.31 0.324 0.087 

200 0.5 0.48 0.48 0.48 0.48 0.484 0.136 

225 0.65 0.64 0.64 0.64 0.64 0.642 0.2 

250 0.9 0.92 0.92 0.92 0.92 0.916 0.272 

275 1.4 1.4 1.37 1.4 1.37 1.388 0.41 

300 2.15 2.13 2.17 2.2 2.19 2.168 0.7 

320 3.15 3.18 3.26 3.18 3.2 3.194 1.022 

350 5.5 5.8 6.95 6 6 6.05 2 
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Table IV. 3 : Data related to figure 31 to compare the frequency dependence of three targets. 

 MEAT LIVER WATER 

freq.(kHz) DC (V) DC (V) DC (V) 

75 0.009 0.013 0.012 

100 0.011 0.017 0.015 

125 0.014 0.022 0.02 

150 0.016 0.028 0.024 

175 0.019 0.035 0.03 

200 0.024 0.045 0.038 

225 0.031 0.057 0.05 

250 0.043 0.076 0.069 

275 0.057 0.104 0.097 

300 0.082 0.152 0.144 

320 0.112 0.209 0.207 

350 0.19 0.346 0.377 

 

 

Appendix V 

Table V. 1 :Amplitude as a function of standoff in measurement on meat with the last setup (by FCC's). 
Standoff 

(mm) 

Amplitude 

(V) 

Amplitude 

(V) 

Amplitude 

(V) 

Amplitude 

(V) 

Amplitude 

(V) 
Mean ± ∆y 

0 0.25 0.3 0.28 0.22 0.27 0.264 0.027 

1 0.24 0.28 0.27 0.21 0.26 0.252 0.0248 

2 0.237 0.24 0.241 0.24 0.237 0.239 0.001 

5 0.233 0.235 0.233 0.23 0.23 0.2322 0.002 

7 0.229 0.23 0.229 0.229 0.23 0.2294 0.00049 

9 0.229 0.23 0.229 0.229 0.23 0.2294 0.00049 

10 0.229 0.23 0.229 0.229 0.23 0.2294 0.00049 

 

Table V. 2 : Amplitude as a function of standoff in measurement on liver with the last setup (by FCC's). 

Standoff 
(mm) 

Amplitude 
(V) 

Amplitude 
(V) 

Amplitude 
(V) 

Amplitude 
(V) 

Amplitude 
(V) 

Mean ± ∆y 

0 0.275 0.285 0.27 0.28 0.275 0.277 0.00501 

1 0.273 0.283 0.267 0.277 0.272 0.2744 0.0053 

2 0.271 0.28 0.264 0.275 0.27 0.272 0.0053 

5 0.271 0.279 0.264 0.275 0.268 0.2714 0.0052 

7 0.27 0.278 0.263 0.274 0.268 0.2706 0.0051 

9 0.27 0.278 0.263 0.274 0.268 0.2706 0.0051 

10 0.27 0.278 0.263 0.274 0.268 0.2706 0.0051 
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Table V. 3 : Amplitude as a function of standoff in measurement on conductive water with the last setup (by 

FCC's). 

Standoff 
(mm) 

Amplitude 
(V) 

Amplitude 
(V) 

Amplitude 
(V) 

Amplitude 
(V) 

Amplitude 
(V) 

Mean ± ∆y 

0 0.92 0.9 0.85 0.28 0.3 0.65 0.3 

1 0.89 0.88 0.82 0.275 0.28 0.629 0.288 

2 0.88 0.875 0.75 0.27 0.275 0.61 0.282 

5 0.87 0.87 0.75 0.27 0.275 0.607 0.276 

7 0.85 0.85 0.72 0.26 0.265 0.589 0.27 

9 0.85 0.85 0.72 0.26 0.265 0.589 0.27 

10 0.85 0.85 0.72 0.26 0.265 0.589 0.27 

 

Table V. 4 : Data related to figure 35 to compare the standoff dependency of three targets 

 Meat Liver Water 

Standoff 
(mm) 

Amplitude 

(V) 

Amplitude 

(V) 

Amplitude 

(V) 

0 1.15 1.023 1.1 

1 1.1 1.014 1.068 

2 1.042 1.005 1.0356 

5 1.0122 1.003 1.03 

7 1 1 1 

9 1 1 1 

10 1 1 1 

 


