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	 A novel technique to compensate the temperature effect of a transformer-type transducer is 
proposed in this paper. The effect of the ambient temperature on the transformer-type transducer 
is investigated from a primary-winding current. The advantage of the proposed technique is that 
the temperature effect is compensated without requiring a temperature sensor, making it suitable 
for applications in robotic and automation systems operated in harsh environments. The 
primary-winding current of the transducer is generated using a second-generation current 
conveyor (CCII). The excitation signal of the transformer-type transducer is driven by the CCII 
and the current flowing through the primary winding is transferred to an output signal of the 
CCII. The deviation of the primary-winding current due to the temperature effect is evaluated 
from the output signal of the CCII. The temperature effect on the transducer is manipulated by a 
closed-loop principle using a subtract-and-sum action instead of a traditional proportional-plus-
integral action to eliminate the deviation of the primary-winding current. Therefore, the 
temperature effect on the transducer is compensated. A linear variable differential transformer 
(LVDT) is used to demonstrate the proposed technique, whose performance is discussed in 
detail and confirmed experimentally. All devices used in this experiment are commercially 
available. Experimental results show that the measured error of the output signal from the LVDT 
at 70 °C can be reduced from 6.2% without temperature compensation to 0.06% by using the 
proposed technique, which has the advantages of a low cost, simple configuration, and high 
performance. 

1.	 Introduction

	 A transformer-type transducer is an inductive transducer that is widely used in the 
measurement of displacement, position, and speed.(1–3) Two transducers are used in many 
industrial applications, linear variable differential transformers (LVDTs) and resolvers. The 
operation principle of transformer-type transducers is similar to that of electrical transformers. 
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Transformer-type transducers exhibit high reliability, high resolution, and robustness, making 
them suitable for application in measurement systems in harsh environments. Transformer-type 
transducers can be used in many applications such as the measurement of position and 
displacement in industry, as well as in robotics, aircraft, electric vehicles, and scientific 
equipment.(4–8) Practically, transformer-type transducers require a sinusoidal signal as an 
excitation signal. The output signal of these transducers is in the form of amplitude modulation 
with suppressed carriers.(1,3) Therefore, synchronous demodulation is required to obtain the 
position or displacement signal from the output signal of the transducer.(1,9–14) Usually, 
traditional synchronous demodulators have a large response time and are inaccurate due to the 
large time constant of the low-pass filter used in them. The disadvantages mentioned above can 
be prevented using a peak-amplitude finder as proposed in the literature.(15–18) The performance 
of the output signal from a transformer-type transducer is dependent on two factors, the 
structures of the transducer and signal conditioner. Many techniques to improve the structure of 
transducers have been proposed.(19–21) However, these techniques require special customization 
of each transducer, making them expensive and not commercially available. Techniques for 
improving the performance of transducers by modifying the signal conditioner have been 
proposed.(22–26) The variation of the ambient temperature is one of the major parameters 
reducing the accuracy of transducers through its effects on the mutual inductance and the 
resistance of the winding of the transducer structure. Increasing the ambient temperature will 
increase the resistance of the winding in the transducer. Also, the current flowing through the 
transducer is decreased, generating an error in the output signal of the transducer. Unfortunately, 
the above techniques of improving the accuracy of transducers do not compensate the 
temperature effect. The traditional approach to minimizing the temperature effect of 
transformer-type transducers is based on the inverse tangent of the ratio of two output signals.(1,3) 
This approach provides a large error due to the non-ideal behaviors of the transducer and the 
divider used to calculate the ratio of the two output signals. Other techniques are based on the 
use of a temperature-sensitive device to compensate the temperature effect.(27–29) However, the 
temperature-sensitive device requires similar behavior to the transducer, which is inconvenient 
and unsuitable for commercial transducers. Approaches using the output signal of a transformer-
type transducer to determine the temperature effect have recently been presented.(30,31) However, 
these approaches are only suitable for transformer-type transducers used for linear measurement. 
On the basis of the transformer principle, the parameters of the secondary-winding side can be 
referred to the primary-winding side.(32) Therefore, the error due to the temperature effect in the 
output signal of a transformer-type transducer can also be obtained from the primary-winding 
side. In this paper, the error extracted from the primary-winding side due to the temperature 
effect is obtained using a second-generation current conveyor (CCII).(33) The compensation of 
the temperature effect exploits the subtract-and-sum topology in the closed-loop principle to 
minimize the size of the active device. The advantages of the proposed technique are its high 
performance and the reduced size of the device, making it suitable for robotic applications in 
harsh environments.
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2.	 Principle

	 The temperature effect on a transformer-type transducer can be obtained using the principle 
of the electrical transformer by referring to the parameters from the secondary-winding side to 
the primary-winding side. The simplified diagrams of transformer-type transducers are similar 
to that of an electrical transformer as shown in Fig. 1, where the secondary winding is terminated 
by the load resistance RL. Usually, the primary winding of a transformer-type transducer 
requires the excitation signal vex in the form of a sinusoidal signal such as vex = VPsin(ωext), 
where VP is the peak amplitude and ωex is the excitation frequency. The variation of the ambient 
temperature affects the winding resistance of both the primary and secondary windings. An 
increase in the ambient temperature increases the resistance of both windings, which generates 
an error in the amplitude of the signal from the secondary winding. The deviation of the 
transducer parameters due to the temperature effect can be expressed in terms of the 
transformation ratio. From Fig. 1, the secondary-winding signal with a temperature effect can be 
expressed as

	 ( ) ( )1 sinS T P exv T k V tα ω= − ∆ ,	 (1)

where kT and α are the transformation ratio and temperature coefficient of the transducer, 
respectively, and ΔT is the deviation of the ambient temperature from room temperature at 30 
°C. If an excitation voltage signal is applied to the primary winding, then the current flowing 
through the resistance RL of the secondary winding can be investigated from the primary-
winding side. The peak-amplitude current of the secondary-winding side with reference to the 
primary-winding side can be obtained to achieve the temperature effect and can be expressed as

	
( ) ( )1

1P
P PS P

PS

T V
i T k V

Z
α

α
− ∆

= = − ∆ ,	 (2)

Fig. 1.	 Transformer-type transducers: (a) resolver and (b) LVDT.

(a) (b)
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where kPS = 1/ZPS and ZPS denotes the combination of the impedance from the primary side and 
the impedance referred from the secondary side to the primary side of the transformer-type 
transducer.
	 From Eq. (2), if the temperature effect of the primary-winding current iP is compensated, 
then the secondary-winding signal is simultaneously compensated. The temperature effect on 
the primary current iP can be achieved using the behavior of the CCII as shown in Fig. 2(a), 
where the primary-winding LP is driven by port x of the CCII. The behavior of the CCII is given 
by(33)

	
0 0 0
1 0 0
0 1 0

y y

x x

z z

i v

v i
i v

    
    =    
        

.	 (3)

From Eq. (3), the voltage signal vx and the current signal iz are set to equal the voltage signal vy 
and the current signal ix, respectively. From Fig. 2(a), the primary current iP is achieved from 
port x and transferred to the current signal iz at port z, iz = iP. The current signal iz is converted to 
the voltage signal vz using the resistance Rz as follows:

	 ( ) ( )1 1z PS z ex RZ exv T k R v T k vα α= − ∆ = − ∆ .	 (4)

A block diagram representing the operation of the circuit in Fig. 2(a) with the temperature effect 
is shown in Fig. 2(b). The principle of the proposed technique of compensating the temperature 
effect is shown in Fig. 3(a), where kP and Ga are the proportional gain and the phase-advance 
compensator, respectively. 
	 The voltage signal vz containing the temperature effect is provided to determine the error 
signal ve by subtracting the input signal vin. The error signal ve is gained and summed with the 
input signal vin. The output signal vS of the sum-and-subtract topology in the dashed-line frame 
of Fig. 3(a) is used as the excitation signal vex. Usually, the error signal is reduced using an 
integral action in the feedback control system. Unfortunately, the integral action in the feedback 

Fig. 2.	 Primary-winding current extraction using CCII: (a) current diagram and (b) block diagram.

(a) (b)
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control system is only suitable for an input signal in the form of the Heaviside function. If the 
input signal is sinusoidal, then a phase shift of the signal occurs in the feedback loop. Therefore, 
the use of the integral action in the feedback control system will cause the dominant pole of the 
system to be close to the instability condition. The sum-and-subtract topology does not require a 
time-dependent device. Therefore, the instability problem can be avoided. From Fig. 3(a), the 
phase-advance compensator Ga is provided to compensate the phase lag and scaling factor for 
the signal from the transfer characteristic of the transducer in Eq. (4). The closed-loop transfer 
function of Fig. 3(a) is given by

	 ( )1
1 1

P RZ a RZ a
o in

P RZ a P RZ a

k k G k Gv v T
k k G k k G

α+
= − ∆

+ +
.	 (5)

The primary impedance ZPS in Eq. (2) is composed of the winding resistances and the winding 
inductances of both the primary and secondary sides. Thus, a phase lag θP occurred for the 
voltage signal vz relative to the excitation signal vex. The transfer characteristic of the 
transformer-type transducer together with the CCII in Fig. 2(a) can be approximated by the first-
order expression

Fig. 3.	 Proposed technique: (a) principle and (b) block diagram with dynamic behavior.

(a)

(b)
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( )
( )

1( )
( ) 1

RZz

y P

T kv s
v s T s

α− ∆
=

+
,	 (6)

where TP is the time constant of the transducer. TP can be determined from the phase lag θP as

	
tan P

P
ex

T
θ

ω
= .	 (7)

The phase-advance compensator Ga is provided to compensate the phase lag of the transducer. 
In practice, the phase shift θa of the phase-advance compensator is set to equal |θP| and the time 
constant Ta is set to equal the time constant TP. Then, the transfer characteristic of the phase-
advance compensator Ga(s) can be expressed as

	 ( )( ) 1a a aG s k T s= + ,	 (8)

where ka and Ta are the compensation gain and time constant of the compensator, respectively. Ta 
is determined from the phase shift θa = |θP|. Therefore, the time constants Ta and TP are set to be 
equal. The dynamic behavior of Fig. 3(a) is shown in Fig. 3(b), and the closed-loop transfer 
function can be expressed as 

	

( )( )
( )

( )
( )

( )
( )

( )
( )

1 1 1
1 1

( ) ( )
1 1

1 1
1 1

p a RZ a a P RZ a

P P
o in

p RZ a a p RZ a a

P P

k T s k k T s k k k
T s T s

v s v s T
k k k T s k k k T s

T s T s

α+ + +
+ +

= − ∆
   + +

+ +   
+ +      

.	 (9)

If TP and Ta are set to be equal, then Eq. (9) can be rewritten as

	
( ) ( )1( ) 1 ( )
1o P RZ a in RZ a

P RZ a
v s k k k v s k k T

k k k
α = + − ∆ +

.	 (10)

Practically, the parameters kRZka = 1 and kP >> 1 are set to minimize the error due to the 
temperature effect. The magnitude of Eq. (10) for vin = VPsin(ωext) can be approximated as

	 ( ) ( )o in
P

v j v j T
k
αω ω

 
= + ∆ 
 

.	 (11)

It can be seen that the temperature effect of the transformer-type transducer in the square 
brackets of Eq. (11) can be minimized with a large proportional gain kp.
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3.	 Circuit Description

	 The circuit diagram of the proposed principle in Fig. 3(b) is shown in Fig. 4. The operation of 
the circuit in Fig. 4 is explained as follows. The opamp A1 and resistors Rf1 and Rf2 function as 
the sum and subtract operations. The voltage signal vex can be expressed as

	 ( ) ( )2

1

f
ex in o o P in o o

f

R
v v v v k v v v

R
= − + = − + .	 (12)

The voltage signal vex in Eq. (12) is consistent with the sum and subtract in the dashed-line frame 
of Fig. 3(a). The voltage signal vex is applied to port y of the CCII as the excitation signal of the 
transformer-type transducer. 
	 From Eq. (3), the voltage signal vx at port x of the CCII is forced to equal the voltage signal vex 
at port y, then the current signal iP or the magnitude of the primary-winding current of the 
transformer-type transducer is determined as iP = vex/|ZPS| = kPSvex. The current signal iP of the 
transducer is transferred to port z of the CCII and converted to the voltage signal vz by the 
resistor RZ. The phase of the voltage signal vz with respect to the voltage signal vin is led by the 
phase-advance compensator formed by the opamp A2, the resistors RC1 and RC2, and the 
capacitor CC. The transfer characteristic of the phase-advance compensator can be expressed as

	
( ) ( )2 1 2

1 1 2

( ) 1 1 1
( )

o C C C C
a a

z C C C

v s R R R C s k T s
v s R R R

  
= + + = +   +    

.	 (13)

From Eq. (13), the phase lead θa is given by

	 ( )1tanha a exTθ ω−= .	 (14)

Fig. 4.	 Proposed circuit.



4290	 Sensors and Materials, Vol. 33, No. 12 (2021)

From the circuit in Fig. 4, if RZ(RC1+RC2) = RC1|ZPS|, then the transfer characteristic vo(s)/vin(s) 
can be written as

	 2 1

1 2
( ) 1 ( )f f

o in
f f

R R
v s v s T

R R
α

 
= + − ∆  
 

.	 (15)

For kP = Rf2/Rf1, Eq. (15) can be rewritten as

	 ( )( ) 1 ( )o P in
P

Tv s k v s
k
α∆

= + − .	 (16)

If the proportional gain kp >> 1 or Rf2 >> Rf1 and s = jω are assigned, then the magnitude of Eq. 
(16) is given by

	 1

2
( ) ( ) ( )f

o in in
f P

R Tv j v j T v j
R k

αω ω α ω ∆
= − ∆ = − .	 (17)

It can be seen that the variation of the ambient temperature ΔT is minimized with a large 
proportional gain or Rf1 << Rf2 without a stability problem.

4.	 Circuit Performance

	 The performance of the proposed circuit in Fig. 4 deviates from the expected value owing to 
the non-ideal characteristic of the devices used in the circuit. The tolerance of the resistors and 
the dynamic behavior of the active devices used in the proposed circuit affect the stability and 
the circuit operation. Three factors contribute to the error in the voltage signal vo. Firstly, the 
tolerance of the resistors Rf1 and Rf2 generates an error in the proportional gain kP. The voltage 
signal vo with the error ε1 can be approximated as

	 ( ) ( )1
1

1 2
( ) 1 1 2 ( )o P in

P

T
v s k v s

k
δ α

δ
+ ∆

 = + + −  ,	 (18)

where δ1 denotes the tolerance of the resistors Rf1 and Rf2. The error of the proportional gain kP 
can be avoided by changing the resistor Rf2 to a variable resistor and fine-tuning the variable 
resistor to an appropriate value. Secondly, the tolerance δ2 of the resistors RC1 and RC2 generates 
errors in the phase lead θa and gain ka in Eqs. (13) and (14). The transfer characteristic of the 
phase-advance compensator in Eq. (13) can be rewritten as

	 ( ) ( )1 2
( ) 1 1 1
( )

o
a a

z

v s k T s
v s

ε ε = + + +  for 
( )

2 2
1

1 2

2 C

C C

R
R R
δ

ε =
+

 and 
( )

( )
2 2 1

2
1 2

C C

C C

R R
R R

δ
ε

−
=

+
,	 (19)
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where δ2 denotes the tolerance of the resistors RC1 and RC2. If the resistances of RC1 and RC2 are 
set to be equal, than the error ε2 can be eliminated. Also, the error ε1 is equal to δ2 for the 
resistances RC1 = RC2. Practically, the resistors used in the proposed circuit are selected for their 
tolerance of less than 0.1%, i.e., δ1 and δ2 are less than 1 × 10−3. Therefore, the error ε1 is very 
small and can be neglected. Thirdly, the dynamic behaviors of the opamps and the CCII, 
exhibited in the term of the dominant pole, provide the phase delay for the signal in the circuit. 
Therefore, the stability of the circuit operation is deteriorated. The single-pole expression of the 
opamps A1 and A2 and the CCII are included in the block diagram in Fig. 3(b) as shown in Fig. 5. 
The phase lag θP due to the structure of the transformer-type transducer is compensated by the 
phase-advance compensator. Thus, the transfer characteristic of Fig. 5 including the dynamic 
behaviors of the opamps and the CCII can be expressed as

	

( )
( )( )( )

( )( )( )

( ) ( )( )( )

( )( )( )

1 2 3 1 2 3

1 2 3 1 2 3

1
1 1 1 1 1 1

( )
1 1

1 1 1 1 1 1

P PS z a z a

o in
P PS z a P PS z a

k k k k k k
T s T s T s T s T s T s

v s v s Tk k k k k k k k
T s T s T s T s T s T s

α+
+ + + + + +

= − ∆
+ +

+ + + + + +

,	 (20)

where T2, T1, and T3 denote the time constant of the CCII and the time constants of the opamps 
A1 and A2, respectively. The circuit operation of the CCII is in the current mode, which provides 
a fast response. Therefore, the time constant T2 of the CCII in Eq. (20) is very small compared 
with the time constants T1 and T3 and can be neglected. The corner frequencies ω1 and ω3 from 
the time constants T1 and T3 can be approximated as

	
( )

1
1 1 P

GBP
k

ω =
+

	 (21)

and

	 2
3

a a

GBP
k T

ω = ,	 (22)

Fig. 5.	 Tested circuit for LVDT: (a) circuit diagram and (b) measured result.

(a) (b)
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where GBP1 and GBP2 are the gain bandwidth products of the opamps A1 and A2, respectively. 
From Eq. (21), the corner frequency ω1 is inversely proportional to the gain kP. The phase shift 
θ1 due to the corner frequency ω1 can be expressed as

	
( )1

1
1

1
tan ex Pk

GBP
ω

θ −  +
= −   

 
.	 (23)

From Eqs. (21) and (23), the high value of the gain kP causes the corner frequency ω1 to be close 
to the excitation frequency ωex, which increases the phase shift θ1. Also, the compensation gain 
ka reduces the corner frequency ω3 to approach the excitation frequency ωex. The phase shift θ3 
of the corner frequency ω3 can be expressed as

	
2

1
3

2
tan ex a ak T

GBP
ω

θ −
 
 = −
 
 

.	 (24)

From Eq. (24), the high value of the gain ka increases the phase shift θ3. The increase in the 
phase shifts θ1 and θ3 causes the unstable operation of the proposed circuit. These phase shifts 
can be canceled by increasing the phase lead of the phase-advance compensator. The phase lead 
θa generated by the phase-advance compensator to minimize the effect of the phase shifts θP, θ1, 
and θ3 can be rewritten as

	 1 3a Pθ θ θ θ= + + .	 (25)

Practically, the corner frequencies ω1 and ω3 are set to be much greater than the excitation 
frequency ωex, ω1 >> 10ωex and ω3 >> 10ωex, to reduce the phase shift due to these corner 
frequencies. The maximum values of the proportional gain kP and the compensation gain ka can 
be expressed as

	 1 1
10P

ex

GBPk
ω

= − ,	 (26)

	 2
2100a
ex a

GBPk
Tω

= .	 (27)

From Eq. (27), the compensation gain ka is usually set to a small value of about ka < 5. Then the 
time constant T3 can also be disregarded. From Eqs. (17) and (26), a high gain kP is provided to 
minimize the temperature effect. In contrast, the proportional gain kP is a major factor 
contributing to the unstable operation of the proposed circuit. If GBP1 = 25.13 Mrad/s and 
ωex = 21.99 krad/s, then the proportional gain is kP = 113.27. It can be seen that the temperature 
effect in Eq. (17) can be reduced more than 100-fold.
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5.	 Experimental Results

	 To demonstrate the performance of the proposed technique, the circuit in Fig. 4 is 
breadboarded. All passive and active devices used in the circuit are commercially available. The 
active devices used in this paper are AD844 for the CCII and LF353, consisting of two opamps 
in the same package, for the opamps A1 and A2, where the GBP of LF353 is 25.13 Mrad/s. All 
resistors have a tolerance of 0.1%. A power supply of ±8 V is set. The input signal vin is a 3 kHz 
sinusoidal wave with 2 V peak-to-peak amplitude. The proportional gain kP is 100. Therefore, 
the resistors Rf1 and Rf2 are set to 2 and 200 kΩ, respectively. The transformer-type transducer 
selected for this experiment is a commercial LVDT with ±12.5 mm stroke range and sensitivity 
of 34.5 mV/mm/V.(15) The tested circuit shown in Fig. 5(a) is used to determine the parameters of 
the LVDT. 
	 The load resistor for the secondary winding of the LVDT is set as 100 kΩ and the converted 
resistance RZ of 100 Ω is connected to port z. The measured result in Fig. 5(b) shows the 
primary-winding current transferred to port z of the CCII and converted to the voltage signal vz, 
where the excitation signal vex is set as a 3 kHz sinusoidal wave with 2 V peak-to-peak amplitude. 
The phase shift θP of the current flowing through the primary winding is measured as −19.64°. 
From Fig. 5(b), the magnitude of the impedance |ZPS| is determined as 212.76 Ω, which is the 
impedance of the primary-winding side included with the parameters referred from the 
secondary-winding side to the primary-winding side. From Eq. (7), the phase shift θP 
corresponds to the time constant TP of 18.93 µs. The resistors RC1 and RC2 are set to be equal and 
a capacitor CC of 0.01 µF is chosen. The time constant Ta is set to equal the time constant TP. 
Thus, the resistors RC1 and RC2 are determined from Eq. (13) as 3.786 kΩ. Practically, the 
resistances RC1 and RC2 are chosen as 3.8 kΩ. To satisfy the condition RZ(RC1 + RC2) = RC1|ZPS|, 
the resistance Rz is set to equal |ZPS|/2 (106.38 Ω). A variable resistor that can be adjusted to 
satisfy this condition is chosen for the resistor Rz. The ambient temperature in this experiment is 
varied from room temperature of 25 °C to 70 °C. Also, the core position of the LVDT is set to 
+10 mm to obtain a voltage signal vSL of 345 mV. Figure 6(a) shows the measured primary-
winding current represented by the voltage signal vz and the output signal vSL of the secondary 
winding of the LVDT without temperature compensation. From Fig. 6(a), the temperature 
coefficient α of the LVDT is measured and determined from the voltage signal vZ as −0.65 
mV/°C for the 2 V peak-to-peak amplitude of the voltage signal vex. The percentage error of the 
measured results can be expressed as

	 (%) 100%
actual value measured value

percentage error
actual value

−
= × .	 (28)

	 The percentage errors of the measured results in Fig. 6(a) are shown in Fig. 6(b). It can be 
seen that the maximum percentage errors of the primary current and the output signal vSL of the 
LVDT at 70 °C are about 6.2 and 6.76%, respectively. The measured results and the percentage 
errors for the voltage signal vz and the output signal vSL of the LVDT with the compensation 
technique using the proposed scheme are shown in Fig. 6(b). From Fig. 6(b), the primary-
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winding current represented by the voltage signal vz and the output signal vSL of the LVDT 
exhibit errors of about 0.06 and 0.07%, respectively, at 70 °C. It can be clearly seen that the 
proposed technique can reduce the temperature effect more than 100-fold.

6.	 Conclusions

	 A simple technique to compensate the temperature effect for a transformer-type transducer 
has been introduced. The proposed technique does not require a temperature-sensitive device to 
compensate the temperature effect for the transducer. The primary-winding current containing 
the parameters referred from the secondary-winding side is used to achieve the temperature 
effect. The technique is based on the use of the CCII behavior to extract the primary-winding 
current. This paper considers an LVDT as an example of a transformer-type transducer. The 

Fig. 6.	 Experimental results: (a) results without compensation of signal vz, (b) results without compensation, and     
(c) results with compensation.

(a) (b)

(c)
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experimental results confirm that the temperature effect on the output signal of the LVDT is 
reduced more than 100-fold. The merits of the proposed circuit are its simple configuration, 
small size, low cost, and ability to be directly embedded in a transducer without disturbing the 
configuration of the signal conditioner system.
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