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23 Abstract. Objective: The aim of thisestudy was to explore the use of a

24 logarithmic amplifier to improve the spatial resolution of a low-cost Electrical
Impedance Tomography (EIT) system! In an EIT syaem, the measured signal

25 has a large dynamic range from pV to mV,/which requires high resolution ADC

26 cards. Logarithmic amplifier/reduces the 'dynamic range, by expanding lower

27 values and compressing higher values, thereby improving the sensitivity and at

28 the same time preventing signal from saturation. In addition, a low resolution
ADC can be used, making the system cost, effective. This work evaluates the

29 performance of a logarithmic amplifier and a linear amplifier used for signal

30 conditioning, in a low-cost EIT system. Approach: Two EIT systems based on

31 linear amplifier and logarithmic amplifier were designed. Phantom experiments

32 were carried out with very smallamounts of current injection. The signal-to-noise
ratio (SNR), image quality, minimum detectable size and minimum detectable

33 conductivity changeswere obtained. Main Results: Logarithmic amplifier based

34 EIT system increased the average SNR by 4dB. It also showed improvement in

35 resolution (RES) and contrast-to-noise ratio (CNR) of the images. Minimum size

36 detectable by the logarithmic amplifier based system was of radius 0.25 cm in a
tank of radiussllem and the minimum change in conductivity detectable was 11

37 %. Significance: DLogarithmic amplifier based signal conditioning is a promising

38 technique for improving the spatial resolution a low-cost EIT system that has a

39 low resolution ADC.

40

41
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44

45 1. Introduction

46

47 Electrical Impedance Tomography (EIT) is a low-cost and non-invasive technique

48 which has gained tremendous popularity in areas like medical imaging, process control,

49 tissue engineering, biotechnology and many other fields (Barber 2003). EIT images the

50 conduetivity/ variation inside a body using electrodes attached to the surface (Brown

51 2003). Small value of current is injected through the electrodes attached to the body

52 and surface potentials are measured. Conductivity distribution is estimated from the

y

53 surface measurements by solving the inverse problem. EIT suffers from low spatial

54

55
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57

58

59



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PMEA-103410.R4

2

resolution due to the ill posed nature of the inverse problem (Holder 2004). This ill
posed nature makes the EIT system more sensitive to noise and small measurement
errors may lead to larger errors in the reconstruction resulting in image artefacts
(Martin and Choi 2017). To stabilize the solution of the inverse problem in presence
of noise, regularization is required (Ranade and Damayanti C. Gharpure 2019), (Xu,
Bing Han, and Dong 2018). Regularization improves the stability of the solution at
the cost of image resolution as the reconstructed images have blurred edges(Jo»Wang,
Bo Han, and W. Wang 2019). In addition, low values of currents result in very weak
signals and hence any slight measurement error or noise affects the signal-to-noise ratio
(Yu et al. 2014). Due to the poor signal to noise ratio (SNR) of theé meas%d EIT
data, a large amount of regularization is required for the reconstruction which reduces
the image resolution. By increasing the SNR of the measurements, the sensitivity and
the spatial resolution can be improved (Rafiei-Naeini, Wright, and MeCann2007).

Small amount of currents are injected in EIT systems owing to safety,concerns in
case of biomedical applications, which result in the measured signals having smaller
values. As we go away from the current injected electrodes, the signals developed on
the electrodes decrease and vary in magnitude from pV to mV. Linear amplifiers are
used to amplify the signal followed by high resolution ADCs to coverthe large dynamic
range (Boyle et al. 2019). Some systems also usefProgrammable Gain Amplifiers
(PGA) with adaptive control to prevent signal from saturatiom¥and at the same time
detect small signals (Takhti, Teng, and Odame 2018). Since both are linear amplifiers,
noise is equally amplified with no improvément in the sigual-to-noise ratio (SNR) of
the system.

Logarithmic amplifier compresses larger values and expands lower values reducing
the dynamic range of the signal, thereby enabling the use of low-resolution ADC
(Reynolds 1965). With the reduced dynamicwange, the relative contribution of the
expanded smaller values in the reconstruction increases, thereby reducing the artefacts
in the reconstruction. This reduces the amount of regularization required resulting
in improved image resolution. " Another major limitation of EIT is that it is less
sensitive to the conductivity changenof interest and more sensitive to noise in the
measurements (Adler, Grychtol, and Bayford 2015). The poor signal to noise ratio
makes the detection of small conductivity contrasts more challenging. Logarithmic
amplifier improves the SNR, ai(Tﬂlg in‘detection of small conductivity changes (Verma,
D. C. Gharpure, and Wagh 2019)¢

This paper presents thie use of a logarithmic amplifier for improving the spatial
resolution of an EIT system as well as its sensitivity to small conductivity changes.
Owing to the safety. concerns in case of biomedical applications, the study was carried
out using a very small eurrent of 1 mA. Experiments carried out to obtain SNR of the
system, minimum size of the object detectable, image resolution and contrast to noise
ratio are detaileds A biological phantom was developed with a cucumber in a saline
filled tank to analyze the sensitivity of the EIT system to conductivity change.

Recentlyf EITis being used for cell imaging applications with the development of
micro-technologies' (Yin et al. 2018). Since these measurements are at cellular level,
the/measured signal is very small and more susceptible to noise. The logarithmic
amplifier based EIT system is further tested with a mini-EIT sensor developed for cell
imaging applications.

The study was carried out using a low resolution data acquisition card (NI USB
6008, National Instruments Corporation, Austin, TX, USA)” with 12-bit ADC. Most
of . the BIT systems use 16-bit or higher ADCs for high resolution imaging (Bera and
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Nagaraju 2009). The promising results obtained using the logarithmic amplifier and
12-bit ADC, make the system more cost effective and beneficial, especially for research
purposes.

2. Materials and Methods

2.1. EIT Principle

An EIT system comprises electrodes attached to the surface of the body whose
conductivity is to be mapped as shown in figure 1.

~
Boundary Voltages
Forward alf ’
solution oe {11
- |
01
V=11 5 . o |
o S0 100 150 2000
Reconstruction
Ac = S7IAV &

Figure 1: Principle of EIT system

Current is injected through a pair,.of electrodes and boundary voltages are
measured on the remaining pairs of electrodes'serially. The measurement protocol
used in this paper is based on the adjacentimethod (Khan and Ling 2019). For each
excitation, there are thirteen‘measurements resulting in 208 voltage values, which are
used for reconstruction of the image as shown in figure 1.

In EIT, measured voltagés ‘V’arésa nonlinear function of conductivity ‘o’ and
current ‘I’as (Yu et al. 2014):

N Ve (o, D) (1)

During reconstruction, the change in conductivity distribution ‘Ac¢’ is estimated
from the change in boundary voltages ‘AV”’ as:

Ao = STAV (2)

where S is/the sensitivity matrix related to conductivity change

2.2. Logarithmic amplifier

Logarithmic amplifier will convert linear input voltage to its logarithmic output. Let
us assume the signal is represented as:

r=s+n (3)

where s’ is the signal and 'n’ is the noise. Taking logarithm of the signal x’ will
result in‘output signal 'y’ expressed as (Verma, D. C. Gharpure, and Wagh 2019):

n n2 713

y:log(s)—i—g—@-i-g—k ....... (4)
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According to Equation 4, the noise will be reduced for input signals greater than
noise (s/n > 1). For signals less than noise (s/n < 1), if a bias greater than that of the
standard deviation of the noise is given to the signal, logarithmic amplifier improves
the SNR (Chen 1969).

Logarithmic amplifier is designed using a general purpose operational amplifier
(OP07, analog devices, USA) with a diode in the feedback circuit as shown in figure
2. Positive Voltage ‘Vin’ is input through resistance ‘R1’. The diode in thes€ircuit is

Ia

D
%F ~

R1

- Vout

Vin

r [P

&

Figure 2: Logarithmic amplifier circuit diagram

forward biased and the current equation of a‘diode is,given as:
Iy = ILglexp(Vi/Ve) = 1) (5)

where ‘I’ is the reverse saturation current, ‘V’ is voltage across the diode; ‘V} is
the voltage equivalent of temperature. Applying Kirchoff’s current rule at inverting
terminal of operational amplifier; werget

(0—Vin)/R1+1;=0 (6)
N
which implies
I; =Vin/R1 (7)

Substituting Equation 3'in Equation 5 we get
I.(exp(V/V}) — 1) = Vin/R1 (8)
Since V> W; and V' = —Vout( negative feedback) Equation 6 reduces to

Vout = -Vin(Vin/(IsR1)) 9)

According toEquation 9, the input voltage is converted to its logarithmic output.

2.8, \Logarithmic amplifier based EIT system.

The block diagram of the logarithmic amplifier based Electrical Impedance
Tomography system is shown in figure 3. A constant current source with grounded
load is.developed based on the Howland topology (Bera and Jampana 2010). Adjacent
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Figure 3: Block diagram for logarithmic amplifier based EIT system

measurement protocol is used, where current is injected ghrough a pair of electrodes
and voltages are measured on the remaining pairs,of electrodes. Four Analog
Multiplexers (ADG506) are used for switching of the ‘electrodes. The voltages
developed on the electrodes are fed to a unity gain instrumentation amplifier (INA118)
which has a high CMRR of 110dB (INA 118 datasheet). The output signal (VDiff)
is then filtered using a high pass filter (HPF) with the cutoff frequency of 1 kHz to
eliminate low frequency noise and DC offsetsh Since therdogarithmic amplifier circuit
requires a positive input signal, the filtered signalyis fed to the absolute value circuit
designed using the AD8606 operational amplifier. The signal is then passed through
the logarithmic amplifier. LabVIEW VL is designed to acquire the data using a data
acquisition card (NI USB 6008) whichrhas a 12=bit ADC and stores the data in the
form of text files.

The complete circuit consisting of the absolute value circuit and the logarithmic
amplifier circuit as shown in figurerda is simulated in a software named Proteus. The
circuit consists of three diodes; D5, D2,and D4 (IN4148) and three Resistors R1, R2
and R3 of resistance values 10 ©, 10 @ and 1 kQ. A sinusoidal input signal (Vin)
of peak to peak voltage 10mmVis applied and the simulated output voltage (Vout)
has the amplified value 6f 0.43 V. The inset in figure 4a shows the simulation graph
for input signal (Vin) represénted by blue color and output signal (Vout) represented
by red color. Thérinput is varied from 10 mV to 1 V. The corresponding simulated
output ranging from 0:43V to 0.624V is shown in figure 4b. The non-linear curve in
figure 4b shows significant:.changes for low values of input signal and less variation for
higher values. Since the:xdynamic range is compressed with the logarithmic amplifier,
the reference@oltage can be reduced accordingly, which improves the resolution of the
ADC (Oljacarand Baker 2009). The output is further fed to the linear amplifier.

One/of the limitations of the present circuit is its limited input range of 10 mV
tolV.

2.4 Design of a Linear amplifier based EIT system

For a linear amplifier based EIT system, the filtered signal is amplified using a linear
amplifier as shown by the block diagram in figure 5a. Linear amplifier is designed
using an operational amplifier (OP07) as shown in figure 5b, where R1 and R2 are
resistors and Vin is the input sinusoidal voltage. The value for R1 is 1 k Qand R2 is
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Figure 4: (a) Simulation of Logarithmic amplifier based signal conditioning, (b)
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Figure 5: (a) Block diagram for Linear amplifier based EIT system, (b) Linear
amplifier design

2.5. Signal-to-noise ratio analysis for linear and logarithmic amplifiers

Input sinusoidal signal of 10 mV (peak-to-peak) with 15 kHz frequency is fed to both
linear and logarithmic amplifier and the spectra of output signals are analyzed. Figure
6 shows thedspectrum of the output signals from both the circuits obtained using a
speetrum analyzer (Tektronix RSA507A) which has a frequency range of 9 kHz to 7.5
GHz.

The spectrum shows that the noise floor of the linear amplifier is around -103.75
dB and for the logarithmic amplifier, it is around -112 dB. The SNR for the linear
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Figure 6: Spectrum of the output signal from (a) Linear amplifierji(b) Logarithmic
Amplifier

amplifier circuit is calculated to be 69.78 dB, whereas for the logarithmic amplifier it
is 72.03 dB,thereby showing an improvement.

2.6. Test Phantoms IS

2.6.1. Non-biological and biological Phantoms. A circular tank made of plastic, 11
cm in radius, is filled with saline solution.t Sixteen stainless steel electrodes, each of 1
cm in width and 4 cm in height, are attached tosthe inner surface of the tank. The
electrodes are connected to the data acquisition system through a 16 pin flat ribbon
cable. For non-biological phantom,dion.conducting objects of radius 0.25 cm and 0.5
cm are introduced at different positionsyin the tank (figure 7a). Biological phantom is
designed with a cucumber in the saline tank (figure 7b).

(a) Nen-biological (b) Biological

Figure 7: Actual images of (a) non-biological phantom with non conducting object of
0.25cm radius, (b) biolegical phantom with cucumber of radius 1.15cm

2.6.2.+Mini FElIT{sensor design for cell imaging applications. A mini EIT sensor
conSisting of sixteen planar electrodes fabricated on a double sided PCB is developed
foricell imaging applications. The exposed copper is electroplated with gold for bio-
compatibility. The width of each electrode is 0.5 mm. A circular well made of rubber
with diameter of 10 mm is mounted on the mini EIT sensor and filled with the
phosphate buffer solution (PBS) of concentration 10 mM. PBS is selected since it
isiused as the cell culture medium (Sun et al. 2009). A small object made of plastic
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with 0.5 mm diameter is used as the in-homogeneity in the PBS solution as shown in
figure 8.

o

0/

Ll

Figure 8: Mini EIT sensor

2.7. Image Reconstruction

Images are reconstructed using EIDORS, which is a MATLAB based open source
software (Adler and Lionheart 2006). A forward model(is created in EIDORS using
a finite element method (FEM) containing 1024 eleménts. Inverse model is created
for difference imaging where two sets of data at two.different. time intervals are used.
The LabVIEW VI acquires the data and calculates the peakgto peak voltages. In
case of both the linear and the logarithmic amplifier based system, these voltages are
directly fed to the reconstruction softwares input data. In this paper, we have used
one-step Gauss Newton linear difference solver,.from EIDORS toolbox (Polydorides
and Lionheart 2002) for the reconstruction.

3. Results

SNR for the two EIT systems based on linear and logarithmic amplifier was calculated.
Non-biological phantom was designed to compare the minimum size detectable by both
the systems and biological phantom was used to find the minimum detectable change
in conductivity.

Images obtained are quamtitatively analyzed using parameters like Resolution
(RES) and Contrast to néise Ratio (€NR) as defined below:

Resolution (RES) is defined asthe ratio of the Area (in pixels) of the reconstructed
image in the region ofinterest (ROI) to that of the total area of the entire reconstructed
medium. ROI is defined as one=fourth amplitude set (Yasin et al., 2011). The smaller
the value of RES, the better is the spatial resolution.

Contrast-tg-NoisesxRatio (CNR) is defined as the ratio of the difference between
the average conductivity of in-homogeneity in the ROI and the average conductivity
of the background, to that of the weighted average of the standard deviations of the
conductivity values il the in-homogeneity region and the background region (Bera
and Nagaraju§ 2012). The higher the CNR, the better is the contrast recovery.

Experiments were also performed on the mini EIT sensor.

3.1. SNR

For SNRymeasurement, the sequence proposed by Gagnon (Gagnon et al., 2010)has
been used. SNR is calculated as the ratio of mean of the signal on each channel to
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that of the standard deviation on each channel.
[v]:
SNR; = 10
55) (10)

where [0]; is the mean value of the signal on i*! channel and SD; is the standard
deviation of multiple measurements on i! channel. The measurements were carried
for the homogenous tank filled with the saline solution having conductivity of 0.6°S
m'. Stimulation current of 1 mA was applied to the electrodes and hundred frames of
data were acquired. The SNR plot for the linear and the logarithmic amplifier based

systems is shown in figure 9. ~
60 —
T Linear amplifier
50 ‘ Logarithmic amplifier
— 40
[11]
3 4
a0 WWWW
7 4
20
10 -
1 . 4
V]

I T I T I T r T —r 1
0 50 100 150 200

Channel' Number

Figure 9: Plot for Signal to noise ration (SNR) vshchannel number for the linear
amplifier and the logarithmic amplifiersbased EIT systems

For the linear amplifier based system,; SNR ranges from 22 dB to 39.3 dB with an
average SNR of 29 dB, whereas,for the logarithmic amplifier based system, it ranges
from 25.8 dB to 40.5 dB with an average of 33 dB as shown in figure 9. For channels
opposite to the current injected ones,»there is a 17 % increase in SNR of the EIT
system with logarithmic amplifier. Overall, there is an improvement in the average
SNR of the system by 4 dBIT N,

3.2. Non-biological Phantem results

Small non-conductingebjects of radius 0.25 cm and 0.5 cm were introduced at different
positions in the saline filled tank having conductivity of 0.6 S m™! . Current of 1 mA
with 5 kHz frequency was injected through the electrodes. Data was acquired at a
sampling frequency of 48 kS/s (Maximum sampling frequency of NI USB6008). The
EIT data ofdinear,and dogarithmic amplifier based system is shown in figurelOa and
the expanded yiew for:single channel data is shown in figure 10b.

For 'single channel agquisition, data with the linear amplifier ranges from 0.7 V
to 4.5V, whereas' with the logarithmic amplifier, it ranges from 0.66 V to 1.59 V.
As jexpected,.in case of the logarithmic amplifier based system, the range of data is
reduced. Figure 11a and 11b shows the reconstructed images for targets of radius 0.25
ey andy 0.5 ¢m kept at different positions.

The color-bar in the reconstruction shows relative change of local conductivity
which is a non-dimensional quantity, wherein, red color represents higher conductivity
regions and blue color represents lower conductivity regions. It is observed that with
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Figure 10: Plots showing (a) Boundary data, (b) single channel data, for logarithmic
amplifier and linear amplifier based EIT systems

(b) radius = 0.5cm

Figure 11: Reconstructed images using linear amplifier and logarithmic amplifier based
system for target of radius (a) 0.25cm, (b) 0.5cm

the logarithmdic amplifier, the target of radius 0.25 cm kept at the center is detected,
whereasyit is .not_detected by the linear amplifier based system. The values for RES
as well as CNR for images are also shown in figure 11. It is observed that with the
logarithmic amplifier based system, both RES and CNR are improved especially for
anomalies kept at the center and middle, however, towards the periphery both systems
have similar results.
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3.8. Biological Phantom results

For small conductivity contrasts, experiments were performed using biglogical
phantom with cucumber in the saline solution. The conductivity of the cucumber
was calculated using an LCR meter. It was found to be 0.34 mS cm™ at 5 kHz
frequency. The conductivity 'c’ of the saline solution was varied from 0.1 mS cm*
to 0.5 mS em™. Cucumber of size 2.3 cm in diameter was kept at different positions
in the saline filled tank. Current of 1 mA with 5 kHz frequency was injected through
the electrodes. Data was acquired for the logarithmic amplifier based EIT system and
linear amplifier based system as the background conductivity 'c’ was«wvaried. Figure
12 shows the reconstructed images along with the color-bar showing relativeschange
of local conductivity. The color bar for images obtained by the logarithinic amplifier
based system shows smaller scale due to the smaller dynamic rangeef the logarithmic
data.

o(mS/cm)

o

d
2
3
6
35
it

A
4
4
3
2
4
o
A
2
3
2
1
o

6 =0.15

6=0.25

6=0.35

6=045

(a)/Linear amplifier (b) Logarithmic amplifier

Figudre 12: “Reconstructed images of cucumber at different positions for varied
background ‘conductivity using (a) linear amplifier based system, (b) logarithmic
amplifier based system

From figure 12, it is observed that with the linear amplifier, cucumber kept near
electrodes is detected when the background conductivity is equal to or less than 0.25
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mS cm ™ or if it is greater than or equal to 0.45 mS cm™. Towards the center, it
is detected when the background conductivity is less than 0.1 mS cm™ or greater
than 0.45 mS cm™'. For anomalies towards the electrodes, the minimum ‘change
in conductivity that the linear amplifier based system can detect is 32 % and for
anomalies at the center, it is 70 %.

Logarithmic amplifier based system detects the anomaly near electrodés when
the background conductivity is less than or equal to 0.3 mS cm™' or if it greater than
or equal to 0.4 mS cm™. It detects anomaly at other positions when the/background
conductivity is less than or equal to 0.25 mS cm™ or if it greater than or equal to 0.4 mS
cm™'. The minimum change in conductivity detectable is 11 % for the anomalies near
electrodes and 17.6 % at other positions. Overall, the logarithmic amplifiér imereases
the sensitivity of the system to very small conductivity changes.

3.4. Mini EIT sensor results

A non-conducting object, made of plastic of diameter 0fpmm, was/introduced at
different positions in the circular well, containing PBS/solution, as shown in figure
13. Current of 1 mA with 5 kHz frequency, was injected through the electrodes.
Reconstructed images were compared for both logarithmie, amplifier based system
and linear amplifier based system. From the images shownin figure 13, it is observed

RES =0.20252 CNR =4.2985

l‘O
5

0
5
-10

2nd

Figure 13: 1% row: Actual image of the mini sensor phantom, row: Reconstructed
Images using linear’ amplifier;#8"™ row: Reconstructed images using logarithmic
amplifier

that the logarithmic amplifier based system can detect a small target of radius 0.5
mm even at the eenter of the well, which is not detected by a linear amplifier based
system. RES and CNR of the images are also improved as shown in the images.

4. Discussion

This paper deals with the design of a signal conditioning circuit using a logarithmic
amplifier, to/improve the spatial resolution of a low-cost EIT system. In the present
study, we have compared the performance of the logarithmic amplifier based EIT
systent and the linear amplifier based system when a low resolution ADC is used for
data acquisition. Being a non-linear amplifier, logarithmic amplifier is said to improve
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the signal to noise ratio and the same is validated with the spectrum analysis of the
output signal obtained from both amplifiers. The output spectrum of the logarithmic
amplifier showed improvement of around 2 dB in the signal-to-noise ratio.

Various parameters of the EIT systems based on the logarithmic and the linear
amplifiers were compared. Overall, there is an improvement of 4 dB in the average SNR
of the EIT system using a logarithmic amplifier. Specifically, for the channels 6pposite
to the current injecting electrodes, a 17 % improvement in the SNR was observed. For
channels closer to the current injecting electrodes, there is no significant change in the
SNR. This could be because these channels have high signal strength.

Reconstruction images further indicate that the logarithmic amplifier based EIT
system can detect small size targets of radius as low as 0.25 cm in a tank of radius
11cm, whereas the linear amplifier based system could not detect targets of radius
less than 0.5 cm. Logarithmic amplification also resulted in better, reselution and
contrast to noise ratio especially towards the center where the sensitivitysis very low.
Experiments performed with the biological phantom using a ecucumber in the saline
filled tank show that the minimum change in conductivity/detected by the logarithmic
amplifier based EIT system, for the anomalies towards the centeris.17.6 %, whereas it
is 70 % for the linear amplifier based system. For anomalies near the electrodes, it is
11 % and 32 % respectively. The logarithmic amplifier based EIT system also showed
improvement in the resolution and contrast-to-noige ratio of théimages obtained with
the mini EIT sensor.

Though the logarithmic amplifier basedyEIT system shows an improvement over
the linear amplifier based system we need to consider and work on overcoming its
limitations as well. As explained in section 2.2, therogarithmic amplifier is not able
to distinguish between EIT signals having higher signal strength because it compresses
larger values. The strength of an EIT signaliisiinfluenced by the magnitude of current
injected as well as the conductivity contrast (Gaggero 2011). Increasing the current
or the conductivity contrastswill increase the, signal strength. Applications, which
use high stimulation currents or have large conductivity contrast result in high signal
strength. Under such circumstances,sthe use of logarithmic amplifiers might not be
advantageous.

The present design of the ]%arithmic amplifier can cover the input signals ranging
from 10 mV to 1 V. Further work'on commercial off the shelf components to implement
cascaded log amplifiers is being carried out to increase the input range.

5. Conclusion

The results indicate that the signal conditioning circuit using a logarithmic amplifier
improves the/SNR as well as the spatial resolution of a low-cost EIT system realized
using a low=resolution/ADC. Further work is needed to optimize the design, so
that it can coyver a large input range. Logarithmic amplifier based systems will be
advantageous‘mainly for the signals having low signal strength.
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