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 
Abstract— Pulsed eddy current testing is widely used because 

of its richness in spectral components. However, the degrading 

sensitivity as lift-off increases poses a challenge to its application 

in thick insulation or buried structures and weld areas. In the 

transmitter-receiver probe, self-impedance (offset) of receiver 

coil dominates the output signal, reducing the signal-to-noise 

ratio, especially at high lift-off. This limits the subsequent 

amplification of the output signal by the signal conditioning 

circuit. In practice, bridge-based measurements are used to 

mitigate this challenge but result in small linear range input-

output characteristics. Electromagnetic interference and stray 

capacitance effects also cause measurement errors. This paper 

investigates a modified Maxwell’s inductance bridge based on 
operational amplifier configuration for high lift-off testing. The 

receiver coil self-impedance is removed to improve signal-to-

noise ratio and to make output signal proportional to impedance 

change only. Experiments are performed to evaluate the 

performance of the circuit in crack detection. The results show 

improved signal-to-noise ratio with maximum linearity 

deviation of 0.30%, and a higher crack detection sensitivity at 

30mm high lift-off, in comparison to the conventional bridge 

circuit with maximum linearity deviation of 0.53%. 

 
Index Terms—Lift-off, Self-impedance, Signal conditioning, 

Transmitter-receiver probe.  

I. INTRODUCTION 

Whereas, several techniques have been investigated for 

defect detection of conductive materials, the pulsed eddy 

current (PEC) technique, especially the detector coil-based 

PEC sensor configuration has been commonly used [1, 2]. 

Harsh environment tolerance, low cost, and rich spectral 

components are the attractive features of PEC [3]. The main 

reason for associating with transmitter-receiver (Tx-Rx) coil-

based PEC sensors, is the possibility to optimize Tx and Rx 

(coils) separately [4, 5]. Another potential of (Tx-Rx) PEC 

probe is improved signal-to-noise ratio (SNR) with changing 

lift-off [6]. A Tx-Rx PEC system is a transformer with 

variable mutual couplings. Many factors cause the coupling 

to vary including samples, discontinuity, crack, metal loss 

and lift-off. These variations make up what Rx coil detects, 

as an impedance change or by a magnetic sensor as magnetic 

field change. However, the decrease in SNR of Tx-Rx PEC 

probe, due to the weakening of mutual coupling as lift-off 

increases is the focus of this work. The output signal of Rx 

circuit is mainly dominated by self-impedance (self-

inductance and internal resistance), of Rx (coil) of which, 

impedance change used for testing, is just a small fraction of 

the output signal especially at high lift-off [7, 8].  Typically, 

the variation in coil impedance falls in the range of 5% to 10% 

of the self-impedance [9]. The inherent self-inductance of the 

Rx (coil) is also one of the sources of nonlinearity in the Rx 

output signal [10]. Due to the self-impedance of the Rx (coil) 
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, in addition to multi-parameter influence, the required 

information is sometimes masked in noise. This limits the 

subsequent amplification of the output signal, which is the 

key in applications with a low SNR [11].  
      The impedance change can be converted into electrical 

signals such as current, voltage, frequency, and phase using 

different circuits. Such circuits include an amplitude 

modulation circuit [12], a frequency modulation circuit, and 

bridge circuits [13-15]. Frequency output sensors can also be 

used as signal conditioning through oscillation for instance as 

in [10, 16, 17]. However, to balance the influence of coil 

self-impedance and improve sensitivity, bridge circuits are 

normally used as part of signal conditioning to convert the 

impedance change or magnetic field change into electrical 

signal [18]. Ac bridge circuit is operated in a balanced mode 

to null the offset due to self-impedance of Rx (coil) and to 

detect the impedance change as the balance is disturbed. 

Conventional ac bridges including Maxwell’s inductance 
bridge, Anderson Bridge, Hay’s bridge, etc. are used for this 
purpose [19]. However, a setback of bridge circuits is limited 

linear range input-output characteristic [20, 21]. Another 

setback of conventional bridges is the measurement error due 

to stray capacitance between bridge nodal point and ground, 

and stray inductance of the inductive coils [22]. Therefore, it 

is necessary to modify Maxwell’s inductance bridge circuit 
that can remove the influence of self-impedance of the Rx 

(coil), reduce measurement errors, and improve SNR and 

linear input-output characteristics. Such a measurement 

circuit suitable for capacitive sensors with large offset 

capacitance has been presented in [23, 24]. In the circuit of 

[23], a sensing capacitor in a T-network is connected in a 

negative feedback loop of an operation amplifier (opamp), 

while a reference capacitor in another T-network is connected 

in a positive feedback loop of the same opamp. The output of 

the two networks are then fed to an instrumentation amplifier 

which gives zero output voltage when the two capacitance 

values are equal and non-zero output voltage when there is a 

difference between the two capacitance values arising from 

the change in the measured parameter. By this technique the 

large offset capacitance of a capacitive human proximity 

sensor is removed and detection sensitivity improved.   
We borrow this idea by using two Rx (coils) in the 

feedback networks of opamp. The outputs of the two Rx 

(coils) are fed to the subtractor opamp. The subtractor gives 

zero output voltage when the two impedance values are equal 

and non-zero voltage when there is a difference in impedance 

values. Based on this idea, we propose a simple circuit that 

removes the large self-impedance of Rx (coil) using opamp 

based bridge circuit. This circuit can be seen as a modified 

Maxwell’s inductance bridge considering the arrangement of 
the passive components of the circuit (Fig. 3). The major aim 

is to remove the effect of self-impedance of the Rx (coil) from 
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the mutual impedance of the PEC probe and the test sample. 

We use part of the circuit of [25] which consists of two 

inverting opamps and a subtractor circuit to configure two Rx 

coils. Two Rx coils form the feedback loops of the two 

inverting opamps with both coils coupled to the Tx (coil). 

Adopting the linear variable differential transformer approach 

[26], the two Rx (coils) are arranged into a push-pull 

configuration. That is the mutual inductance of Tx and one 

coil of Rx is made positive, while the mutual inductance of 

Tx and another coil of Rx is made negative through coil 

winding. Hence, the difference between the mutual 

inductances of the two Rx (coils) and Tx (coil) becomes twice 

that of one Rx (coil). The remaining part of the paper is 

organized as follows. In Section II, the influence of mutual 

inductance and self-impedance of the Rx (coil) including lift-

off influence on output signal of the equivalent circuit of Tx-

Rx is analyzed. Section III describes the proposed signal 

conditioning circuit. Section IV analyses different sources of 

error of the circuit. Section V is on an experimental study. 

Section VI discusses the experimental results and comparison 

of the circuits. Finally, Section VII derives the conclusion and 

highlights future work. 

II. ANALYSIS OF EQUIVALENT CIRCUIT OF TX-RX PEC 

PROBE 

    To understand how self-impedance of Rx (coil) 

dominates the output signal of Tx-Rx PEC probe which leads 

to low SNR especially at high lift-off, we analyze the 

equivalent circuit of Tx-Rx PEC probe. Mutual inductance 

based PEC probe depends on the linking magnetic field of 

coils and sample. Time changing voltage or current in the Tx 

(coil) generates magnetic flux that couples both directly and 

indirectly through the sample with Rx (coil). The equivalent 

circuit used to induce and extract the induced voltage from 

the Rx (coil) is in Fig. 1. We analyze the circuit without a 

sample and then introduce a sample and modify the circuit to 

include the influence of the sample. Without a sample as in 

Fig. (1a), the proximity of the Tx and Rx equivalent circuit 

results in a mutual inductance of Tx and Rx ,where the 

mutually induced electromotive force (EMF) is given by the 

following equations. 

 ε1 = −M12 di2dt                                     (1) 

 ε2 = −M21 di1dt                                    (2)

                                   

 L1 di1dt + (r1 + Rs  )i1 = M di2dt + VsU(t)                      (3) 

 L2 di2dt + (r2+RL )i2 = M di1dt                                        (4) 

 

M
 
= Direct mutual inductance of Tx and Rx ℳ = Mutual inductance of Tx and Rx through Sample 

Vs =
    

Excitation voltage 

V
0
= Rx output Voltage 

L1, L2= Self-inductance of Tx and Rx 

r1, r2  = Internal resistance of Tx and Rx (coils) 

Rs   = Source resistance 

RL   = Load resistance ℒ
1,

 ℒ
2
= self-couplings of Tx and Rx (coils) through the sample 

i1, i2  = Tx and Rx current ℰ1,  ℰ2 = Mutually induced EMF of Tx and Rx 

M12, M21 = Mutual inductance due to the current change in Rx and 

Tx 

M12= M21 = M 

 

 
     Fig. 1. Tx-Rx equivalent circuit (a) without sample (b) with sample 

 

     In proximity to a sample as in Fig. 1b, the magnetic field 

developed by the probe induces eddy currents (EC) in a 

nearby conductive sample. The EC in the sample develop an 

opposing magnetic field that generates an additional EMF in 

both coils following Lenz’s law [27-29].While the Tx (coil) 

generates an electromagnetic field [30], the Rx (coil) 

measures the reflected field from the test sample as the 

voltage across the load resistance RL [31]. It is from the 

induced voltage in the Rx (coil) that the status of the test 

sample is evaluated. However, the total field in the presence 

of a sample can be considered as a sum of the original field 

of the coil in the air plus a reflected field from the metal 

sample [11, 32, 33]. In presence of a sample to a Tx-Rx 

probe, there are self-couplings of both Tx (coil) and Rx (coil) 

through the sample ℒ1, ℒ2 and a mutual coupling of Tx and Rx 

(coils) through the sample ℳ (remote coupling). Hence, the 

previous equations are modified to take an account of the self-

couplings of Tx and Rx (coils) through the sample, and the 

mutual coupling of Tx and Rx through the sample [34]. 
Hence, total inductance of Rx, L = L2 + ℒ2, mutual 

inductance of Tx and Rx probe M = M+ ℳ and the internal 

resistance becomes of Rx r = r2+ Δr2. The Rx output voltage 

which is VO = 𝑅𝐿 𝑖2 becomes  

 Vo =  (L2 + ℳ + ℒ2) di2dt + (r2 + Δr2)i2 −  M di1dt           (5) 

 

From (5) we extract the impedance change due to the 

mutual coupling of the sample and PEC probe (6), direct 

mutual impedance of Tx and Rx (coils) (7) and self-

impedance of the Rx (coil) (8) from output signal respectively 

as follows 

 ΔZ =  jω(ℳ + ℒ2) +  Δr2  (6) 

 

ZTR  = jωM (7) 
 𝑍 = jωL2  +  r2 (8) 

 

The impedance change due to the mutual coupling of the 

sample and probe ΔZ bears the information about the sample 

[32]. Whereas, ZTR, the direct mutual impedance of Tx and 

Rx (coils), in addition to Rx (coil) self-impedance Z form an 

offset that masks the required information signal [11]. 
Because of the large value of the offset, the impedance 

change, the required information signal is a very small 

percentage of the Rx output voltage yielding a very low SNR 

output. As can be seen in (6)-(8), only Δ𝑍 is the required 

information signal, ZTR is the offset due to direct coupling of 

Tx (coil) and Rx (coil) whereas Z is the offset due to self-

impedance of Rx (coil). Hence these two offsets are the main 
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sources of noise that limit SNR of the response signal. In our 

previous work [35], the problem of direct coupling ZTR offset 

was mitigated. When a Tx-Rx PEC probe is in proximity of a 

conductive sample, the magnetic field of Tx (coil) couples 

directly with the Rx (coil) and forms an offset in Rx circuit. 

The Tx (coil) also couples indirectly through the sample with 

the Rx (coil) bearing the information about the test sample in 

the Rx circuit as in fig. 1b. Because the resultant value of 

these two couplings (M and ℳ) depend on coil gap and lift-

off [32], we optimized coil gap and lift-off to minimize the 

offset (M) due to direct coupling of Tx and Rx (coils) . At the 

optimal lift-off, for every coil gap, the defect detection 

sensitivity was maximized.  

      Although the offset arising from direct coupling of Tx 

and Rx is eliminated, the offset due to self-impedance of the 

Rx (coil) is another challenge which this work propose to 

remove. As lift-off increases, the SNR decreases the more 

because the impedance change or the information signal 

generated by magnetic field of eddy current reaching the Rx 

(coil) diminishes whereas, the Rx (coil) self-impedance 

remains constant. Hence, at high lift-off, impedance change Δ𝑍 becomes insignificant component of the output signal. 

Therefore, it is required to design a measurement circuit that 

can remove the effect of self-impedance of the Rx (coil) to 

improve SNR of the output signal. The next section explains 

the design and the principle of the proposed signal 

conditioning to achieve this requirement. 

III. PROPOSED SIGNAL CONDITIONING CIRCUIT 

The main idea of this paper is that high lift-off inspection is 

prone to noise. Therefore, we propose a signal conditioning 

that can improve SNR by removing the offset due to self-

impedance of Rx (coil) which dominates the output signal.  

The proposed signal conditioning circuit is by modifying 

Maxwell’s inductive bridge using opamp circuit to remove 

the self-impedance of Rx (coil) to improve SNR and linearity 

range at high lift-off. Hence, this section describes the 

modification and working of the proposed circuit. Maxwell’s 
inductance bridge of Fig. 2a is modified using three high 

impedance and low-noise opamps, and passive components 

as in Fig. 2b. Inductors (coils) L2 and L3, and resistors R1 

and R2 of Maxwell’s inductance bridge form the feedback 

loops of two (opamps) A1 and A2 respectively which are 

working in inverting modes. A pulse excitation Ve is applied 

to the Tx (coil) which is coupled to two Rx (coils). The output 

of A1 and A2 are then fed into a subtractor opamp A3 and 

output is measured as ΔV. The output voltages Va and Vb of 

opamps A1 and A2 are given by  Va = −Vs r3+jωL3R1   (9) 

Vb = −Vs r2+jωL2R2    (10) 

Where L2 and L3, r2 and r3 are self-inductances and internal 

resistances of the feedback coils respectively. The voltage 

difference ΔV of the two outputs obtained at the output of op-

amp A3 is given by 

 Δ V = Vs((r3+jωL3)R1 − (r2+jωL2))R2   (11) 

 
The complete Tx-Rx PEC probe circuit is configured as in 

Fig. 3a. Two coils L2 and L3 of the Rx circuit are coupled with 

the Tx (coil) above a test sample. The  close proximity of Tx 

and Rx, in the presence of a sample, results in indirect 

coupling of Tx and Rx through the sample [34].Hence, as 

explained in section 2, the total self-inductance of Rx (coil2)  
= L2  + ℒ2, and Rx (coil3)  = L3 + ℒ3, internal resistance of Rx 

(coil2) = r2+ Δr2 and Rx (coil3) = r3+ Δr3. Applying the push-

pull configuration of the two Rx (coils), the mutual 

inductance of Tx and Rx (coil2)= M +ℳ, mutual inductance 

of Tx and Rx (coil3)= -M -ℳ. Also Self-inductance of Rx 

(coil2) = L2 + ℒ2 and Rx (coil3) = L3 - ℒ3. Substituting the 

changes in (11) 

 𝛥V = Vs(r3 +  Δr3 + jω(L3  +  M +  ℒ3 +  ℳ )R1  

 − (r2+Δr2+jω(L2−M− ℒ2− ℳ ))R2   (12) 

 

If we choose Δr2 = Δr3, R2 = R1 = R, r2 = r3, L3 = L2,  ℒ2 = ℒ3 =ℒ  and substitute in (12), the Rx output voltage becomes 

 𝛥V = Vs( 2jω(M+ ℒ+ℳ))R   (13) 

From (13), it can be seen that self-impedance of the Rx 

(coil) is suppressed from the output voltage. The offset due to 

direct coupling of Tx and Rx (coils) (M) can be eliminated as 

explained in Section II. Thereafter, the output signal ΔV 
becomes directly proportional to the impedance change of Rx 

(coils) (ℒ+ ℳ).  Hence, the output will be a minimum (ideally 

zero) without a sample. No offset output voltage will be 

present due to the self-impedance of the Rx (coil) or direct 

mutual impedance of Tx and Rx (coils).  

      At high lift-off as highlighted in section II, the change 

in impedance of Rx (coil) becomes insignificant compared to 

large Rx self-impedance. However, as the influence of Rx 

self-impedance has been removed by the conditioning circuit, 

the change in the impedance becomes a significant 

component of the output signal. Then, the output is fed to the 

computer (PC) via data acquisition system (DAS) for analog-

to-digital conversion, digitization and low pass filtering 

which also reduces the effect of interference and noise on the 

output. Moreover, this configuration has a linear 

characteristic over a wide range of impedance change with 

improved sensitivity and stability.  

 

 
 

(a) Maxwell’s inductive bridge 
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(b) Modified bridge circuit  

 
Fig. 2. Different Signal Conditioning Circuit  

 

    The improved linearity range of the modified circuit 

may be explained, thus; for identical coils in the modified 

circuit, the edge effects are assumed to be identical. 

Additionally, in the push-pull inductance measurement 

circuit of Fig. 3a, these edge effects cancel each other. Also, 

the non-inverting terminals of opamp A1 and A2 are 

connected to a common ground. Therefore, the inverting 

terminals are at the virtual ground where one end of the Rx 

(coils) are connected and stray capacitance between the 

terminals of the coils is negligible. The same excitation signal 

is an input to opamps A1 and A2 through input resistance R1 

and R2. Hence, the other two terminals of the inductance coils 

are also at the same potential and the stray capacitance 

between these terminals is also negligible. The 

electromagnetic interference between the two Rx (coils) are 

similar and cancels each other when the differential voltages 

V1 and V2 are measured. Thus, the measurement error in the 

modified circuit is minimized. This is why the characteristic 

of the modified circuit is found to be quite linear even at high 

lift-off as reflected in the experimental results. However, the 

circuit may become unstable due to the derivative action and 

variations of the inductance in the feedback path. This 

instability can cause fluctuations of the output signal if the 

values of R1 and R2 are low. Increasing the resistances R1and 

R2 reduces the quality factors of the feedback circuits and 

enhances stability [36] but reducing sensitivity as can be seen 

in (13). Hence, R1 and R2 should be carefully chosen. 

Through series of experiments with different values of R1 and 

R2, 20k was chosen for both R1 and R2 in this work, to 

achieve a stabile output signal. As nodes Va and Vb are 

connected to the differential amplifier’s input gain-setting 

resistors, the input resistors R3, R5 and R6 are selected to 

reduce the loading effect or directing current away from the 

bridge, which can affect the bridge output.  

 

 

  
 

 
 

(a) Modified bridge conditioning circuit  

  

 

 
  

(b) Maxwell’s inductive bridge conditioning circuit 
 
 Fig. 3. Tx-Rx probe above test sample with conditioning circuit 

 

IV.  ERROR ANALYSIS 

Equation (11) derived in section III considered that the 

proposed circuit elements possess ideal characteristics. 

However, practical devices used in the experiments such as 

opamps and resistors will poses non-ideal characteristics. The 

non-ideal characteristics of practical devices will give rise to 

errors in the output of the proposed circuit. Errors due to these 

non-idealities of the device elements and other factors are 

analyzed next. 

A. Effects of Input Offset Voltages of A1, A2 and A3 

A practical opamp used as A1 will possess a finite input offset 

voltage, Vs1. Hence Va will be at a potential Vs1, instead of 

virtual ground. As a result of this, Va will differ by an amount 

equal to Vs1. With this (9) will be modified as   Va = (−Vs r3+jωL3R1 ) ± Vs1                                 (15) 

 
Similarly, an input offset voltage Vs2 of opamp A2 will result 

in the potential Vb of A2 becoming Vs2 instead of being at 

virtual ground potential. Hence (10) will be modified as   Vb = (−Vs r2+jωL2R2 ) ± Vs2                                (16)   

Also, in addition to input offsets voltage of A1 and A2, the 

offset of A3, (Vs3) modifies (11) as Δ V = (( Va  ± Vs1) – (  Vb  ± Vs2)) ± Vs3       (17)                         
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Equations (15) to (17) indicate that the offset voltages of 

opamps used as A1, A2 and A3 directly affect the output. 

Hence, to minimize this error, opamps such as OPA277P 

possessing maximum input offset voltage of 20 μV have to 

be used as A1, A2 and A3.  

B. Effects of Resistance tolerance 

One of the conditions for the response given in equation (11) 

to give zero output in the absence of defect is that R1 = R2. 

Ideally, R1 may be equal to R2 but in reality it is not possible 

because of resistance mismatch. Also, equation (11) can be 

written as  Δ V = R4R3 (Vb − Va)                                               (18) 

Hence the gain of A3 depends on the resistance values 

including R4 and R3. Although we can set the values of R4 

and R3 to fix the gain, in reality the gain will vary due the 

resistance mismatch. This non-idealities generate offsets in 

the output and can alter the response signal. To minimize this 

error, matching resistances should be chosen in implementing 

the proposed circuit. To reduce error due to mismatch of R1 

and R2, variable resistors can be used in place of R1 and R2 

and by varying the two resistors the offset can be reduced 

before measurements are taken. 

C. Electromagnetic field interference 

One of the sources of errors of the proposed circuit is the 

interference on the inductive coils by outside electromagnetic 

fields. As in equation (13), the measurement parameter is 

mainly the mutual inductance due to the coupling of 

electromagnetic field of the coils and sample. The mutual 

inductance can be altered by external electromagnetic field 

which modifies equation (13) by coupling with the inductive 

coils with mutual inductance of ℳout. Hence (13) can 

modified by external electromagnetic field as  

 ΔV = Vs( 2jω(M+ ℒ+ℳ ±   ℳout))    R                                   (19) 

 

Equation (19) shows that the coupling of external 

electromagnetic field can alter the mutual inductance by  ℳout thereby causing measurement error. To reduce this 

error experimental setup should be shielded from 

electromagnetic interference. Errors due to stray capacitance 

between nodal points and ground can also contribute to 

measurement errors. However, the noninverting terminals of 

opamp A1 and A2 are connected to a common ground. 

Therefore, the inverting terminals are at virtual ground where 

one end of the Rx (coils) is connected and stray capacitance 

between these terminals of the coils is negligible.  
 

V.  EXPERIMENTAL SETUP  

The experiment is carried out in three parts. In the first part, 

the influence of lift-off on Rx output voltage at a fixed coil 

gap with the Tx (coil) and Rx (coil) above the crack free 

aluminum sample without the conditioning circuit is studied. 

The variation of coil gap and lift-off is carried out with the 

help of the horizontal and vertical rulers attached to the plastic 

rack shown in the insets of Fig.4. The lift-off of Tx-Rx probe 

from the aluminum sample is increased from 0 mm to 55 mm 

at a step of 5 mm at fixed coil gaps of 1mm to 6mm at a step 

of 1mm and at each step the amplitude of the Rx output 

voltage is read and recorded with an oscilloscope. Although 

the expected lift-off is 30mm, we extended the study to 55mm 

so that we can observe whether the Rx output converges 

to its value when there is no sample. In the second part, lift-

off variation is studied with the Maxwell’s inductive bridge 
by varying the lift-off and coil gap as explained in the first 

part. Also the lift-off influence of the modified bridge is 

studied by repeating the same procedure as used in Maxwell’s 
inductance bridge.  

 In the third part, the performance of the modified circuit 

and Maxwell’s inductance bridge with crack detection in the 

aluminum sample is studied. The probe is used to scan at the 

steps of 2.5 mm for 30 scan points along the aluminum 

sample with a crack. At each scan point, the value of Rx 

output voltage is read and recorded. The peak values of 

reference subtracted Rx output voltage is then plotted against 

the scan points. The values of circuit parameters used are L1 

= L2 = L3 = 10.7uH, r1 =  r2 = r3 = 0.2ohms, R1 = R2= 20k, 

R3 = R5 = 1k, R4 = R6 = 10k, (R1-R6) with tolerance of 5%. 

A1= A2 = A3 = 741 opamp. The Experimental setup and the 

block diagram of materials used is in Fig.4. The PEC probe 

including signal generator, oscilloscope, one Tx (coil) and 

two Rx (coils) are connected as in Fig. 4a. Pulse signal of 

amplitude 4 V, pulse width 20us, frequency 4 kHz was 

supplied to the Tx circuit and amplitude of the output of the 

Rx (coil) is read and recorded. An excitation frequency of 4 

kHz was chosen considering the maximum Tx-Rx probe 

response signals observed on the surface of the crack within 

the range of lift-off and coil gap used in the experiment [43, 

44]. Aluminum Sample measuring 400 mm x 50 mm x 50 

mm is used for both lift-off influence study and for crack 

detection. Rx (coil) is identical to Tx (coil), a rectangular coil 

with an inner diameter 12 mm, outer diameter 25 mm, length 

36 mm and 15 turns.  
 

 

                                   (a) Block diagram 

 

 
 

 

(b) Instruments and sample Setup 

 

                           Fig. 4.  Experimental setup 
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VI.  EXPERIMENTAL RESULTS AND DISCUSSIONS 

Based on the experimental setups and procedures described 

in the previous section, we collected measurement data from 

each experiment. In this section, the results of the 

experiments are discussed under lift-off influence and 

linearity, sensitivity to crack detection and SNR, and 

comparison of the conditioning circuits. 

A.  Lift-off Influence and linearity range 

In this section, we explain how lift-off variation affects the 

linearity of the input-output characteristic of the Tx-Rx PEC 

probe without conditioning circuits, with the modified circuit 

and with Maxwell’s inductance bridge circuit. The response 
of the Rx circuit with pulse signal is in Fig. 5. We extracted 

the amplitude of the response signal for every lift-off 

variation. The ideal (probe without conditioning circuit) static 

characteristic curve of the Tx-Rx (coils) in Fig. 6a reveals a 

good linearity response. It can be observed that there is 

relative linearity from 0mm to 55 mm lift-off. Hence, PEC 

testing in the lift-off range will not be affected by non-

linearity. However, the large value of the self-impedance 

(offset) of Rx (coil) made amplitude of the output signal very 

high compared to those with conditioning circuit. The static 

characteristic curve for the modified circuit in Fig. 6b depicts 

almost the same linearity as that of Fig. 6a.Therefore, at the 

same lift-off, PEC testing of Fig. 6b the little linearity 

deviation from that of Fig. 6a. The static characteristic curve 

of the Maxwell’s inductance bridge circuit in Fig. 6c depicts 

good linearity at a low lift-off but as the lift-off increases to 

about 15 mm, non-linearity sets in, as reflected in the zigzag 

nature of the graph. The nonlinearity exists at higher lift-off 

due to the limited linearity range of Maxwell’s bridge circuit. 
Hence, PEC testing can only be taken without measurement 

errors at lift-off lower than 15 mm with Maxwell’s bridge 
conditioning circuit. Whereas that of the modified circuit is 

extended to about 50 mm.  

    The percentage deviations from the linearity of 

Maxwell’s inductance bridge and the modified circuit for 
different coil gaps are in Fig. 7. The deviation of the modified 

circuit Fig.7b is found to be smaller than that of Maxwell’s 
inductance bridge Fig. 7a for coil gaps 1mm to 6mm as shown 

in the boxes on the graphs. From this, it can be concluded that 

the modified circuit has a better linearity range and 

characteristics than convectional Maxwell’s bridge circuit. 
Figs. 8a and 8b show curves and error bars of the measured 

data of eight repeated experiments with both Maxwell’s 
bridge circuit and the modified circuit. 

 

 
Fig. 5. Response signal of Rx with repeated pulse excitation of Tx 

 
 

 
 

 

(a) Ideal 
 

 

 
 

 

(b) bridge circuit 

 

 

(c) Modified circuit 

 

Fig.6. Static characteristic curve of Tx-Rx probe 

 

 
  

(a) Maxwell’s inductance circuit 
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(b) Modified circuit 

   
Fig. 7. Percentage deviation from the ideal linearity 

 

 

 
 

 

(a) Maxwell’s inductance bridge 

 

 

 
 

 

(b) Modified circuit 

 

Fig. 8 Measurement errors of the Circuits   

B. Sensitivity to crack detection and SNR 

In this subsection, we discuss an application of the 

proposed circuit in surface crack detection of an aluminum 

sample and compare its performance with conventional 

Maxwell’s inductance bridge in sensitivity and SNR. The 

modified circuit and Maxwell’s inductance bridge are used 

for artificial crack detection in the aluminum sample. At a 

fixed coil gap of (4 mm) and lift-off (30 mm), the aluminum 

sample is scanned with a Tx-Rx probe and the Rx output 

voltage is read and recorded as described in section IV. The 

peak values of reference subtracted output voltage of the Rx 

(coil) connected to the modified circuit and Maxwell’s 
inductance bridge one after the other are plotted in Fig. 8. It 

can be observed that the two circuits show a different 

response shape due to the crack influence. Whereas, the 

response of Maxwell’s bridge forms a trough (negative peak), 
the response of the modified circuit peaks as Tx (coil) passes 

over a crack. The crack is detected by the Tx (coil) between 

10 mm to 30 mm of the scan distance. After a transition of the 

crack from the Tx (coil) to Rx (coil) at scan distance of 30 

mm to 45 mm, the Rx (coil) detects the crack with a peak for 

both circuits. However, considering sensitivity in amplitude 

change, it can be observed that with Tx (coil)  detection of the 

crack the amplitude of the response signal changes from 12.5 

mV to 0 mV for Maxwell’s inductance bridge whereas that of 
modified circuit changes from 0 mV to 27 mV. For Rx 

detection, the amplitude changes from 6 mV to 15 mV with 

Maxwell’s inductance bridge, whereas that of the modified 

circuit changes from 6 mV to 29.5 mV. Hence, the change in 

amplitude for Tx and Rx (coil) of the modified circuit is far 

greater than that of Maxwell’s inductance bridge. Therefore, 
we conclude that the modified circuit has better sensitivity to 

crack than Maxwell’s inductance bridge. However, it is easier 
to build a relationship between the extracted amplitude 

feature, and the detected crack with Maxwell’s inductance 
bridge than the modified circuit based on crack response 

shape. For instance, there are two troughs and two peaks in 

Maxwell’s inductance bridge response which simply signifies 
one peak and one trough each for Tx and Rx respectively. In 

the modified circuit response, there are three peaks and two 

troughs which are more difficult to map with the crack 

geometry. Hence, it is easier to characterize crack with 

Maxwell’s inductance bridge than the modified circuit. 
 

 
 

(a) Maxwell’s Inductance Bridge 

 

 

(b) Modified Circuit 

Fig.  9.  Crack detection of the aluminum sample 
 

To explain how the circuits perform in SNR, we define 
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SNR as a ratio of the impedance change due to the presence 

of a crack to the output signal. Lift-off noise, self-impedance, 

the direct mutual impedance of Tx and Rx (coils) (offset), and 

impedance change due to crack on the  sample are the 

components of the output signal. Hence, on the surface of a 

sample, the output signal is the offset superimposed on the 

impedance change [37]. Because analysis and quantification 

of defects mainly depend on the impedance change, the offset 

signal is equivalent to noise.  Hence, signal-to-noise ratio 

(SNR) is defined as 

 𝑆𝑁𝑅 = 𝑀𝑎𝑥(𝑉𝑐)𝑀𝑎𝑥(𝑉𝑛𝑐)   (14) 

 

Where Max (Vc) and Max (Vnc) are the maximum values of 

output signal of the sample with and without crack.  

 

TABLE I 
THE EXPERIMENTAL SNR OF MAXWELL’S BRIDGE AND 

MODIFIED CIRCUIT. 

 

 Maxwell 

bridge(mV) 

Modified Circuit 

(mV) 

Without Crack 318.5 207.75 

With Crack 511.5 572.25 

SNR 1.61 2.75 

 

From table 1, it is clear that the proposed signal 

conditioning circuit has higher SNR which signifies higher 

sensitivity to crack than the conventional Maxwell’s 
inductance bridge. 

C. Performance Comparison. 

The modified circuit has higher SNR and sensitivity to 

crack detection, especially at high lift-off compared to 

conventional Maxwell’s inductance bridge. However, it is 
easier to build a link between amplitude features of the output 

signal crack geometries with Maxwell’s inductance bridge 
than the modified circuit. The modified circuit in comparison 

to related works as in table II also shows improved linearity 

performance.  
TABLE II 

PERFORMANCE COMPARISON OF PROPOSED CIRCUIT WITH 

LITERATURE WORKS. 

 

Circuit Linearity 

Error (%) 

Circuit 

configuration 

proposed 

circuit 

0.18 Simple and 

low cost 

[38, 39] 2 complex  

[40] 

 
0.3 Digital ,but 

with added cost 

[41] 0.4 unstable 

[19] 1 simple 

[42] 0.2 complex 

 

VII.  CONCLUSION AND FURTHER WORK 

 

A modified Maxwell’s inductance bridge based on the opamp 

circuit of Tx-Rx PEC probe is proposed and investigated for 

high lift-off PEC testing. The analysis of three performance 

metrics of SNR, linearity range and sensitivity at high lift-off 

for the new signal conditioning circuit has been carried out. It 

is shown that the modified circuit has a higher SNR of 2.75 

against 1.61 for bridge circuit for coil gap 4 mm and lift-off 

20 mm. The lift-off linearity range for the modified circuit 

is 0 mm to 55 mm whereas the bridge has 0 mm to 15 mm. 

The crack detection by Tx (coil) based on amplitude change 

is found to be 27 mV for modified circuit against 12.5 mV for 

bridge circuit while that of Rx (coil) detection is 23.5 mV for 

the modified circuit against 9 mV for bridge circuit. However, 

it is easier to build a relationship between crack geometry and 

bridge response based on crack influence shapes than the 

modified circuit. Also as a result of the modifications, a large 

impedance change can be measured and amplified by the 

signal conditioning circuit as self-impedance of Rx (coil) has 

been suppressed. Small linearity range of conventional 

Maxwell’s bridge circuit is extended with improved 
sensitivity. The modified circuit hence has good measurement 

accuracy. Finally, the circuit becomes much simpler and cost-

effective and no bridge balancing is needed.  

Further work on the modified circuit is underway for the 

quantification of crack geometry with appropriate feature 

extraction, and selection for quantitative nondestructive 

evaluation (QNDE) and long term stability. 
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