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Abstract— A mismatch in electrode impedance is a common and significant 
source of artefact in electrical impedance spectroscopy systems. We have 
analysed these artefacts, identifying key parameters in the optimisation of both 
current and voltage excited electrical impedance spectroscopy systems. We have 
used this information to develop a new clinical system for investigating muscle 
impedance anisotropy in human limbs, with the aim of developing biomarkers for 
various muscle pathologies. This new instrumentation integrates buffering at the 
front-end, which isolates the electrodes from both multiplexing and wiring 
parasitics. Modelling of the front-end instrumentation demonstrates an input 
impedance of over 1 GΩ in parallel with 0.4 pF. The clinical system currently has 
16 electrodes, with the capability for more, and operates over a physiologically 
relevant frequency range of 76 Hz to 625 kHz. Results presented in this paper 
show that the new system operates with reduced levels of artefact, even in the 
presence of a significant mismatch in electrode impedances. 

 
Index Terms— electrical impedance tomography, electrical impedance spectroscopy, myography, electrode 

impedance, instrumentation, matching, artefact reduction, tutorial 

 

 

I. INTRODUCTION 

lectrical impedance spectroscopy (EIS) has been 

successfully used for many years for the purpose of tissue 

characterization. Examples of clinical studies involving EIS 

include trials focused on developing biomarkers for disease, 

such as the detection of cervical intraepithelial neoplasia [1] and 

motor neuron disease [2]. There has also been great interest in 

using electrical impedance for imaging in the form of electrical 

impedance tomography (EIT) [3][4][5]. 

This paper is presented as a tutorial paper to provide the reader 
with a guide for the design of an EIS system and shows some 

aspects that require consideration for the production of such an 

EIS system. It would not be possible, in a single paper, to cover 

in detail all aspects of a full EIS system and so this paper 

focuses on the front-end instrumentation and its interaction with 

the electrode impedances. The design process for different 

systems may well generate radically different system 

architectures. Developments are made to common system 

models to assess interactions between the electrodes and the 
EIS system’s front-end instrumentation. These models are then 

used to guide the development of an example system to take 

spectral measurements of the static electrical impedance of a 

human limb. Other EIS system design subjects, such as signal 

generation, demodulation, conversion and signal-to-noise ratio 

have been addressed by other authors (eg Wu et al. [28]) and 

will not be covered here. 

In practice, electrical impedance systems must make an 

electrical connection to the body under test via electrodes, and 

electrode connections often introduce undesired impedance into 

the system. This impedance has contributions from the 
electrode system itself, body/skin surface (e.g. skin, mucous 

membrane) and spreading impedances, and so for simplicity, in 

this paper we will combine these and refer to them collectively 

as electrode impedance [6][7]. The electrode impedance is 

poorly controlled and varies between electrodes and subjects 

and so systems must be employed to reduce their influence on 

the measurements being made. One method to reduce the 

influence of the unknown electrode impedance is to use a four-

port impedance measurement to measure the properties of the 

tissue of interest. Unfortunately, this technique does not fully 
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remove the artefact caused by the electrode impedances. Many 

researchers [8][9] have looked at the interaction of practical 

instrumentation with finite electrode impedance. In this paper, 

we extend this work to address mismatches between electrode 

impedances. Also we demonstrate that the assumption of 
balanced impedances is not suitable, but if a number of 

simplifications are made, then straightforward approaches may 

be used to analyze unbalanced electrode impedances 

effectively. By making a number of approximations, we have 

developed some simple equations that provide insight into the 

salient instrumentation features required to minimize the 

artefact caused by electrode impedance mismatch. The insights 

yielded by these equations include the requirement to maximize 

input impedance of the voltage measurement channel for 

voltage excited systems whereas for current excited systems, 

there is a more complex interaction of the current source Norton 

impedance and the voltage channel input impedance. To 
provide this, the authors have developed an instrumentation 

architecture that uses bootstrapping techniques to increase input 

impedance and integrates this with a cross-point switch that 

multiplexes the electrodes to the instrumentation. 

We have developed a device incorporating this architecture, 

herein referred to as the 3D limb EIS device, which is currently 

undergoing a clinical trial. Preliminary data from both saline 

bath measurements and a human subject collected using the 3D 

limb EIS device are presented in support of our approach. 

II. BACKGROUND TO EIS SYSTEMS 

A. Types of excitation 

This paper explores two general styles of electrical impedance 

spectroscopy system: those that are excited by a current source 

and those excited by a voltage source. Other workers have used 

impedance meters to achieve impedance spectroscopy of 

biological tissue Torrents et al. [10] and have proposed methods 

that can be used to mitigate some of the limitations of an 
impedance meter approach.  The methods proposed in [10] do 

not, however, correct errors caused by electrode impedance 

mismatches. The authors note with concern that some 

researchers [11] have used laboratory instruments on volunteers 

with no mention of the required electrical isolation for patient 

safety, as required by the standard BS EN IEC 60601 [12]. 

Laboratory instruments with a simple fault of a poor earth 

connection can expose a patient to a dangerous level of leakage 

current and so compliance with BS EN IEC 60601 should be 

considered essential in ensuring adequate volunteer/patient 

safety in these situations. 
The advantages and disadvantages of current and voltage 

excitation systems are explored in this paper. In both systems, 

the transfer impedance is determined by the ratio of the output 

voltage to the input current. 

B. Current mode excitation systems  

Current excitation is a common approach to measure 
impedances [13], this is logical as, if a system is driven with a 

current source where the measured output voltage divided by 

the input current gives the impedance. In the case of the 

tetrapolar system illustrated in Figure 1.a, the result gives the 

transfer impedance. This circuit is a balanced differential 

system, with equal current source and sinks (ia and ib), and the 

output is the difference between Voa and Vob. The impedance Zx 

is the impedance of interest (to be measured), ZeQ to ZeT 

represents the undesired, but unavoidable, electrode impedance. 

A simplified Cole-Cole circuit, as illustrated in Figure 1.b, is 

commonly used [14] to model the system element behaviour 
and we have used it for both electrodes and Zx. Many 

researchers [6][10][27] analyse the effect of the electrode 

impedances; however, their modelling assumes that the 

electrode impedances are balanced, i.e. are the same for all 

electrodes and this paper will concentrate on the effects of 

mismatch in electrode impedances.  

For the current driven system, illustrated in, Figure 1.a the input 

current to the body is given by the output current of the current 

source. The system is excited by two balanced current sources 

driving current into electrodes EQ and ES. Zna and Znb model 

non-ideal finite current source Norton output impedance. ZeQ, 

ZeR, ZeS and ZeT represent the impedance of the electrode tissue 
interface; this interface includes the effects of the 

electrochemical interface where the conduction transforms 

from electronic to ionic at the electrode, in addition to the 

spreading impedance within the tissue. In principle, all the 

current from the current sources is applied to the impedance Zx. 

In reality, no current source is perfect, and any practical current 

source will have residual Norton output impedance (Zna and Znb) 

forming a current divider with the sum of impedances ZeQ, Zx, 

and ZeS. Current shunted through Zna and Znb will not flow 

through Zx and hence will reduce the voltage across Zx and 

introduce measurement errors. Similar errors are also 
introduced by current shunted by RLa and RLb. For voltage 

measurements there are two potential dividers given by ZeR and 

RLa together with ZeT and RLb, where RLa and RLb are amplifier 

input resistances required to bias the DC levels. This division 

must be smaller than the required measurement accuracy as the 

electrode impedances are variable and unknown.  

 
The approach of finding simplified equations for the system 

provides a useful guide for circuit design, revealing parameters 

to focus on for optimisation. However, it will not give precise 

 
Fig. 1 a Model of current driven impedance spectroscopy system 
where Zx represents the transfer impedance. The system is excited 

by a balanced drive current source, ia and ib, with the output voltage 
detected at Voa and Vob. The dotted line represents the volume of 

tissue under test including its transfer impedance, together with 
electrodes EQ, ER, ES and ET with their associated impedances ZeQ, 

ZeR, ZeS, and ZeT. 
b Simplified Cole-Cole equivalent circuit used to model impedances 
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predictions of circuit behaviour especially at higher frequency 

where capacitive effects become more important and so if 

precise predictions of circuit behaviour were required, I would 

encourage the circuit designer to use a full Spice simulation. 

The interactions between the instrumentation system and the 
electrode impedances set the limits for the current source 

Norton impedance, as well as the input impedances for voltage 

measurement. In addition, mismatches between the electrode 

impedance will cause other measurement artefacts and these are 

analysed by considering the full system common mode 

rejection ratio (CMRR). 

C. Voltage mode excitation systems  

Voltage driven systems are excited by a voltage source. In this 

type of system, the current applied is not directly controlled and 

is hence dependent on the impedance presented by the system 

under test. The applied current in a voltage driven system is 

dependent upon the system under test and care must be taken to 

ensure that the current does not exceed safety limits if the load 

impedance is too low. Alternatively if the impedance is too high 

the current could be too low and so the signal to noise maybe 

worse than required. In order to measure the transfer impedance 

the applied current must also be measured. In many medical 
systems, most of these problems may be overcome by using a 

voltage source with significant output impedance, as the current 

applied must be small to avoid undesired physiological effects 

and therefore the series impedance must be high. In some ways 

this blurs the distinction between voltage and current excitation 

systems. For the system developed in this paper we required a 

system where the injected currents were below sensory 

threshold. A threshold for sensitivity of 200 µA is given [30], 

and hence to give a reasonable head room the target for the 

applied current was set at 5 µA and the series resistance (RCa 

and RCb) was 100 kΩ. The analysis below assumes a similar 

series resistance. For consideration of the assumptions made in 
the following section it may be helpful to view sections V and 

VI which report impedance values of the order of 10 kΩ and 

1 TΩ for the low frequency electrode and voltage channel input 

respectively.  

 
Figure 2 displays a simplified circuit detailing the salient 

features of the voltage driven system front-end instrumentation, 

together with a model of the electrodes and the tissue under test. 

The differential voltage source VSa and VSb, source impedances 

RCa and RCb represent the voltage drive part of the system. ZeQ, 

ZeR, ZeS and ZeT model the electrode impedances and Zx is the 

transfer impedance. The input load of the voltage measurement 

channel is given by RLa and RLb. 

III. COMMON MODE 

There are many mechanisms by which common mode voltages 

generate measurement artefacts. It is not sufficient to only 

consider the CMRR of the input buffer, as other sources of error 

will dominate. The largest errors in such systems emerge from 

interaction of the input impedance of the amplifiers and the 

electrode impedances. The electrode impedances are generally 

not well controlled and should be considered unknown; there 

are many forms of electrodes, however, all have to convert 

electronic conduction (within the metal wiring of the 
instrumentation) to ionic conduction (within the tissue being 

measured). This conversion requires ionization at the electrode 

surfaces and is critically dependent on the atomic makeup of the 

surface which leads to the effect of adding an unknown series 

impedance. 

A. Development of an electrode mismatch error model 
for a voltage driven system 

To estimate the common mode behaviour of the system we 

assume no differential signal, i.e. the transfer impedance Zx is 

set to zero, so that Va = Vb = Vc and consequently the only 

signal present is the common mode voltage. For the voltage 

detection system to be insensitive to the electrode impedances, 

the input impedances of the voltage detection system must be 

very much greater than the electrode impedances. This 

assumption makes it more straightforward to estimate the 

common mode voltage, as we may ignore any current in ZeR and 

ZeT. 
Looking at RCa, ZeQ, ZeS, RCb by using Kirchhoff’s Voltage law 

and as we have set Zx to zero hence we define Vc = Va = Vb 

 

 𝑉𝑐 = −𝑉𝑆𝑏 + 𝑉𝑅𝐶𝑏
+ 𝑉𝑍𝑒𝑆

 (1) 

𝑉𝑅𝐶𝑏
+ 𝑉𝑍𝑒𝑆

 is part of a potential divider formed of 𝑉𝑅𝐶𝑎
, 𝑉𝑍𝑒𝑄

, 

𝑉𝑍𝑒𝑠
 and 𝑉𝑅𝐶𝑏

 

 
And therefore assuming a fully balanced drive VSa = VSb = VS 

and also assuming RCa = RCb = RC we may make the following 

approximation  

𝑉𝑅𝐶𝑏
+ 𝑉𝑍𝑒𝑆

= 2 ∙ 𝑉𝑆 ∙
𝑅𝐶𝑏 + 𝑍𝑒𝑆

𝑅𝐶𝑎 + 𝑍𝑒𝑄+𝑅𝐶𝑏 + 𝑍𝑒𝑆

 

 

  ≈ 2 ∙ 𝑉𝑠 ∙
𝑅𝑐+𝑍𝑒𝑆

2𝑅𝑐+𝑍𝑒𝑄+𝑍𝑒𝑆
 (2) 

 

Substituting (2) into (1) and assuming (ZeQ and ZeS )<< RC 

 
𝑉𝐶

𝑉𝑆
=

𝑍𝑒𝑆−𝑍𝑒𝑄

2𝑅𝑐+𝑍𝑒𝑄+𝑍𝑒𝑆
≈

𝑍𝑒𝑆−𝑍𝑒𝑄

2𝑅𝑐
  (3) 

 

Equation (3) gives the common mode voltage at the central 

node, VC.  

From this estimate of the common mode voltage, we may find 

the differential output voltage by assuming RLa ≈ RLb ≈ RL: 

 𝑉𝑜𝑎 =
𝑉𝑐∙𝑅𝐿

𝑅𝐿+𝑍𝑒𝑅
  (4) 

 
Fig. 2 Model of voltage driven impedance spectroscopy system. 
This system is excited by the balanced drive voltage source, VSa 

and VSb, with the output voltage detected at Voa and Vob.  
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 𝑉𝑜𝑏 =
𝑉𝑐∙𝑅𝐿

𝑅𝐿+𝑍𝑒𝑇
  (5) 

 

The system detects the difference between Voa and Vob, and 
hence:  

 

 
|𝑉𝑜𝑎−𝑉𝑜𝑏|

𝑉𝑐
= |

𝑅𝐿

𝑅𝐿+𝑍𝑒𝑅
−

𝑅𝐿

𝑅𝐿+𝑍𝑒𝑇
| (6) 

 
|𝑉𝑜𝑎−𝑉𝑜𝑏|

𝑉𝑐
= |

𝑅𝐿(𝑍𝑒𝑇−𝑍𝑒𝑅)

𝑅𝐿
2+𝑅𝐿(𝑍𝑒𝑇+𝑍𝑒𝑅)+𝑍𝑒𝑇∙𝑍𝑒𝑅

| (7) 

Assuming RL>>(ZeT or ZeR) the only significant denominator 

term is RL
2 and hence simplifies to: 

 
|𝑉𝑜𝑎−𝑉𝑜𝑏|

𝑉𝑐
≈ |

𝑍𝑒𝑇−𝑍𝑒𝑅

𝑅𝐿
| (8) 

 

Combining (3) and (8) and assuming ZeR and ZeT are very much 
smaller than RLb to give: 

 
|𝑉𝑜𝑎−𝑉𝑜𝑏|

𝑉𝑐
≈ |

(𝑍𝑒𝑄−𝑍𝑒𝑆)(𝑍𝑒𝑅−𝑍𝑒𝑇)

2∙𝑅𝐿∙𝑅𝑐
| (9) 

 

Examining Equation (9), if either the input or output electrode 

impedances (ZeQ and ZeS) or (ZeR and ZeT) are balanced then the 
error becomes zero. The error is inversely proportional to both 

RC and RL and therefore the error may be reduced by increasing 

the resistance of RL. Apart from RL, all other impedances are 

either not controlled by the designer or cannot be changed 

without adversely affecting the circuit behaviour because 

increasing RC would reduce the applied current. A simple 

method to maintain the circuit D.C. bias levels, whilst 

dramatically increasing the effective value of the RL resistors, 

would be to bootstrap these to the common mode voltage. 

Although not analysed in detail here, it is important that the two 

RC resistors are matched, as their mismatch has a similar effect 

to a mismatch of the electrode impedances. The design shown 
below uses RC set to 100 kΩ with a tolerance of 0.1 % (100 Ω) 

which is much less than the expected electrode impedance 

variation over the entire frequency range. This analysis does not 

include a model of the input capacitance of the amplifiers, 

which reduces the high frequency input impedance, however, 

this effect is offset to some extent by the fall with frequency of 

the electrode impedance (section VI).  

B. Development of an electrode mismatch error model 
for a current driven system 

Similar sources of measurement artefact exist for a current 

driven system but the exact source of error is a little different. 

A full description of the circuit behaviour was attempted with a 

symbolic mathematical package (wxmaxima) [26]; however, 

the number of terms in the describing equations became too 

large to successfully analyse the behaviour and so some simple 

approximations were required. If we assume that for a current 

drive system the Norton output impedance for the current 
sources is much higher than the electrode impedances, then the 

central point voltage is dominated by the mismatch in the 

source currents [16] and the loading impedance on the central 

point. The loading impedance is the parallel combination of the 

voltage detection system input impedances and Norton output 

impedance of the current sources. The Norton impedance of the 

current source will reduce with increase in frequency, again this 

is offset, to some extent, by the fall of electrode impedance with 

frequency this is explored in greater detail by McEwan et al. 

[21].  

The two current sources, to source and sink the current, are 

generally two separate Howland current source circuits. As they 

are two separate circuits, with currents dependent on several 
resistors, they will not be perfectly matched. The residual 

current due to this mismatch in the current sources, flows 

through the high input impedances of the voltage detection 

system. As this impedance is high it will generate a high 

voltage. If this voltage is too high, then any of the current 

sources, multiplexers or difference amplifiers may saturate. 

Even at lower voltages, there are similar CMRR problems to 

those in the voltage system described above. Sirtoli et al. [34] 

has developed a differential current source which will reduce 

current imbalance, however; the following analysis may be 

used in this case. 

For the circuit in Figure 1, we will make a few assumptions to 
ease analysis. It is possible to use SPICE [17],  for a fuller 

analysis, however, the system equations have the advantage of 

giving a much deeper insight into the circuit behaviour. Again 

we set Zx to zero and then, as the following values are dependent 

on close tolerance components, we assume Zna ≈ Znb = Zn and 

RLa = RLb = RL. We will define the current mismatch (ia - ib) = 

Δ𝑖 and then, assuming the electrode impedances are much 

smaller than Zn and RL, the common mode voltage VC may be 

approximated by the difference current multiplied by the 

parallel combination of the two Norton and load impedances Zn 

and RL respectively. 

 𝑉𝐶 ≈ Δ𝑖
𝑍𝑛∙𝑅𝐿

2(𝑍𝑛+𝑅𝐿)
  (10) 

As above find the differential output from this common mode 

signal acting on the combination of the electrode impedances 

and load resistance by substituting VC from (10) into (8) 

 
|𝑉𝑜𝑎−𝑉𝑜𝑎|

Δ𝑖
≈

𝑍𝑛

2(𝑍𝑛+𝑅𝐿)
∙ |𝑍𝑒𝑇 − 𝑍𝑒𝑅| (11) 

Equation (11) shows that, for the current driven system, 

artefacts are dependent on the difference between the electrode 

impedances ZeT and ZeR and current source mismatch. In 

addition, increasing the Norton (Zn) impedance does not reduce 

artefact due to electrode mismatch. As ZeT and ZeR may be 

significantly greater than the transfer impedance to be 

measured, the balance of the current drives is critical; therefore, 

some form of active balancing may be helpful [18]. Unlike the 

voltage driven system increasing RL has the side effect of 

increasing the common mode voltage, which may lead to 
saturation in the current drive or voltage detection systems. The 

use of bootstrapping described below will make the assumption 

made by Langlois et al. [32] valid that the input impedance of 

the voltage measurement channel is high enough to be ignored.  

IV. DESCRIPTION OF A CIRCUIT BASED ON THE VOLTAGE 

DRIVEN PRINCIPLE  

Most electrical impedance spectroscopy and electrical 

impedance tomography systems require some method to 
multiplex the electrodes to the drive and voltage detection 

systems, with this multiplexer inevitably adding parasitic 

impedance to the electrodes. In addition, the electrodes require 

wiring to instrumentation, which adds further parasitic 

capacitance. Oh et al. [19] describes a current source type 
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system with some similarities to our voltage drive system, 

however the voltage drive system makes it much easier to fully 

account for variation in electrodes and control parasitic effects. 

Referring to Figure 2, the transfer impedance, Zx, is typically 

much smaller than the electrode impedances ZeQ, ZeR, ZeS and 
ZeT thus the voltage between electrodes EQ and ES is much 

greater than the voltage across Zx, and hence the voltage 

between ER and ET. Therefore, the measured voltage is very 

sensitive to any coupling between electrodes EQ and ER or ES 

and ET within the wiring or through any parasitic impedance 

within the multiplexers. 

In our novel system, all of the electrodes are buffered by a very 

high input impedance buffer, which may be placed physically 

close to the electrodes to dramatically reduce the sensitivity to 

the parasitic currents within the wiring and multiplexer systems. 

As buffering may be local to the electrodes, there is no 

requirement for routing the high impedance signals from the 
electrodes to the central instrumentation. There are several 

additional advantages of buffering the voltage of all the 

electrodes, including: 

 Easy wiring of the electrodes to the main 

instrumentation with simple screened cable  

 No wiring of high impedance signals required between 

the current source and electrodes 

 Buffered electrode potential available is for 

monitoring the electrode side of the Thévenin resistor 

(Fig.4 R2 and R5) 

 Buffered electrode potentials are available for other 
physiological measurements such as EEG, EMG, ECG 

etc.  
Tozer [29] described active electrodes to increase the electrode 

input impedance for magnetic induced impedance imaging 

systems and they have also been employed for EIT systems 

[27][31]. For current driven systems the current source is 

usually implemented centrally and hence the current source 

output will be shunted by the cabling capacitance. As the 

system described here only requires a resistor for driving the 

current, it is easy to create fully active electrodes where all the 

wiring after the electrodes is low impedance. By directly 
measuring the current by relaying the measurement through a 

similar channel to that of the voltage measurement system 

phase shift errors will be reduced. Thus phase compensation 

described in [33] will be alleviated because there will be good 

phase match between the voltage and current measurement 

channels.  

V. HIGH INPUT IMPEDANCE UNITY GAIN VOLTAGE BUFFER 

A very high input impedance buffer is constructed using the 
MAX44260 (U1), as shown schematically in Figure 3.a. This 

amplifier is a CMOS op-amp with a low input capacitance of 

0.4 pF. One of the requirements of the medical safety standard 

BS EN IEC 60601 is that a medical device shall be single fault 

safe, and as an amplifier fault could apply DC to the patient, the 

amplifier is capacitively coupled to the electrodes. The DC 

operating point is set by two 20 MΩ resistors (R4 and R5) and 

the effective loading to the electrode is reduced significantly 

below that implied by 20 MΩ by bootstrapping the midpoint.  

This is achieved by connecting the midpoint to the buffer output 

via R3. At low frequencies, the input impedance (Figure 3.c) is 

dominated by the bootstrapped bias resistance, whereas at 

higher frequencies, the input impedance is dominated by the op-

amp input capacitance. The input impedance of this circuit was 

modelled using LTSpice [20] over the full frequency range. 

Maxim publish a SPICE subcircuit model of the MAX44260, 
however, this subcircuit includes modelling of the power supply 

enable circuit, which causes problems in finding the DC 

operating point for the SPICE AC analysis. The subcircuit also 

includes the inner model (MAX44260A), which models the 

amplifier itself and was used to model the circuit behaviour. 

 
The buffer has a -3 dB bandwidth over the range 40 mHz to 

15 MHz.  The gain of the system (Figure 3.b) is flat within 

1:10000 over the frequency range, from 50 Hz up to about 20 

kHz, and over 1:400 up to 1 MHz. Op-amp data sheets usually 
do not give enough information to estimate the likely variations 

in these gain values; however, even if there were significant 

variation compared to these values, the intra op-amp gain 

variation would have a minor effect on the overall system 

CMRR. The input impedance, as given by the input voltage / 

input current, is equivalent to an input impedance of a pure 

capacitance of 0.4 pF over most of the frequency range (100 Hz 

to 1 MHz). Below 100 Hz the impedances are extremely high, 

dependent on the interaction of R5 and C3. To make the spice 

 
Fig. 3 SPICE model and results for high input impedance buffers, a 
= buffer circuit; b = voltage gain and phase; and c = input 

impedance. R2 and C5 model likely load impedance when the circuit 
is directly connected to a multiplexer. C2 and C4 model likely circuit 
board capacitances. 
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model as accurate as possible, circuit board layout capacitances 

C2 and C5 have been included together with R2 the input 

resistance of the following buffer. 

A description of the full system follows, as displayed 

schematically in Figure 4. The differential buffer, U7 
(THS4531), applies a signal to R2 and R5 via the crosspoint 

switch U1 (ADG2188) where the switches are closed at 

locations A and B. The drive signal is also connected to the four 

input subtractor, U8. 

Fully differential op-amps of the type THS4531 are useful for 

generating differential drive signals due to their very closely 

matched differential outputs (-65 dB at 1 MHz), and their 

independence to resistor tolerances. U2, U3, U4 and U5 are the 
high impedance buffers, described in section V. U2 and U5 

relay the potential on the electrode side of the two Thévenin 

resistors (R2 and R5) back via the crosspoint switch connection 

C and D to U8. Thus, the output of U8 is given as V(R2) – 

V(R5) or 2 * R2 * I, where I is the applied current. U8 and U9 

were implemented utilising the THS4531 op-amp whose 

differential output was used to drive differential input ADCs. 

The voltages on electrodes ER and ET are relayed by U3 and U4 

to the voltage measurement channel U9 by the crosspoint 

switch connections E and G. By closing connection F and H, 

the output of the bufferes U3 and U4 is applied to R3 and R4 

and hence, an almost identical voltage appears on both sides of 
resistors R3 and R4. This bootstrapping reduces any current that 

would otherwise flow through resistors R3 and R4 into parasitic 

capacitances in the crosspoint switch and, hence, minimizes the 

possible loading of the electrodes. 

A full description of the 3D limb system would be outside the 

scope of this paper but for completeness a list of system 

components follows.  The signal was generated by an AD9838  

dds device clocked at 10 MHz.  Voltage and current channel 

signals are digitised by AD9251 ADC. The signals are 

demodulated, within the stm32f746 microcontroller, by 

multiplying by a digitally synthesized version of the sinusoidal 

and cosinusoidal version of the dds waveforms. 

VI. ELECTRODE MEASUREMENTS 

The 3D limb EIS system uses 7 mm diameter gold electrodes 

and it would be very useful to know what the probable electrode 

mismatch is likely to be, however we do not have access to a 

large number of electrodes to obtain a statistically useful 

number of measurements [35]. To provide some design data we 

used another electrode system where we do have access to a 

large number of measurements (n = 409). These are 0.6 mm 

silver / silver chloride electrodes, whereas the system proposed 

here uses 7 mm gold electrodes, obviously these electrode 
systems are very different but this section is included to give a 

qualitative feel for the variation that may be present in electrode 

systems. A single measurement from a 7 mm gold electrode 

yielded an impedance of about 1/10 that of the 0.6 mm 

electrodes and this seems to be reasonable as the area of the 

gold is about 100 times that of the smaller electrodes but 

generally gold is a less effective electrode with higher 

impedances. The contact impedance has two main elements; 

that of the electrode itself and that due to tissue spreading. The 

aim of the electrode measurement work was to identify the 

impedance of the electrode itself rather than the spreading 
resistance and so we used saline with a physiologically high 

conductivity of 1.2 S/m [23]. The method described in [6] was 

used to estimate the spreading resistance for the 0.6 mm 

electrodes for a large tank, providing a value of approximately 

700 Ω. Some measurements at high frequency are smaller than 

700 Ω; the cause of the inconsistency is yet to be conclusively 

investigated, but it is likely due to the capacitive effects that 

make the electrode area effectively larger at higher frequency. 

Measurements were made using a Solartron impedance 

analyser model SI 1260, where one terminal pair was connected 

to the electrode under test and the other to a much larger (2 cm 

x 3 cm) silver / silver chloride return electrode. For the 
purposes of making a simple model for simulation work, an 

iterative approach was used to estimate the parameters for a 

simplified Cole-Cole circuit, as in Figure 1.b, tabulated in Table 

1. As these measurements are taken from electrodes used for 

EIS measurements, they provide a realistic model that may be 

used for simulation and to model the magnitude and variance of 

electrode impedances.  

Table 1 Equivalent circuit model parameters for the 
extreme cases of electrode impedances 

Model Rs (Ω) Rp (Ω) C (nF) 

2.5 % 300 3000 750 

Median 550 8000 250 

97.5 % 700 16000 150 

VII. SPICE MODEL OF THE CIRCUIT 

A model of the front-end circuit was constructed using the 

LTspice simulator; a hierarchical approach has been taken to 

simplify the schematic diagrams. The top level schematic is 

provided in Figure 5.a, the two sources, Vsa and Vsb, are two 

antiphase voltage sources that drive current through the two 
100 kΩ resistors (R2 to R5) within the buffer sub circuits X8 

 
Fig. 4 Schematic diagram of full EIS system including the crosspoint 
switch (U1). U10 digitises the voltage channel and U12 digitises the 
current channel. The letters indicate a typical configuration for the 

switch settings 
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and X9 and are shown in detail in Figure 5.b. These buffer 

circuits facilitate measurement of the voltage appearing on the 

electrodes with minimal extra loading. This arrangement allows 

for direct measurement of the voltage across the Thévenin 

resistors (X9.R and X8.R) and, hence, the current. For 
simulation, the two voltage dependent voltage sources E1 and 

E2 model a perfect subtraction process and so their output is a 

measure of the injected current. The LTspice waveform display,  

which allows for processing using mathematical functions, was 

utilized to display the measured voltage divided by the average 

source and sink currents and the waveform of measured 

impedance. The electrodes were modelled by the sub-circuits 

X1 through to X4, with X5 modelling the transfer impedance 

under test. The output voltage is buffered by X6 and X7.  

The first test was with a very low transfer impedance of 1 Ω, 

selected as additive artefacts are easiest to detect under these 

conditions. The waveform display was used to simulate the 
detection system, which may be configured to show both the 

transfer impedance directly in green (V(top)-V(bot))/Ix(x5:B) 

and the output of the system in red 100k*(V(voa)-

V(vob))/((V(ia)-V(ib))/2). The results shown in Figure 6 were 

generated with electrode impedances set to their maximum 

(97.5 %) values, as tabulated in Table 1. The artefact error is 

within 4 m·Ω over the full bandwidth of 10 Hz to 600 kHz.  The 

phase error is almost identical to that shown in Figure 3 and is 

mainly due to the buffer amplifiers and as it is not dependent on 

the electrodes/transfer impedance it could easily be calibrated 

out. For Figure 6.b and 6.c, the electrodes are set to the corner 

case of the extreme impedances, where X1 and X2 are set to the 

minimum value and X3 and X4 are set to the maximum value 

in which case there is an increased error of about 80 mΩ. 
Another source of mismatch is the variation of the coupling 

capacitances, however, modelling a drop of 10% (from 100 nF 

to 90 nF) the artefact changed from 9 mΩ to 9.1 mΩ at 76 Hz, 

the lowest operational frequency for our system. This result 

provides reassurance that the lower frequency cut off of 

40 mHz is sufficiently low that carful matching of the coupling 

capacitances (fig 5b C1) is not required. When the test 

impedance was set to a larger value of Rs=66.6 Ω, 

Rp=200 Ω, C=1000 nF, it can be seen that there is very little 

gain type error, excepting a small phase shift at the highest 

frequencies. 

 

 

 
Fig. 5 a Hierarchical spice model of whole system with buffer 
component shown in b and Cole-Cole model for the impedance 

under test and electrode impedances shown c 

 
Fig. 6 LTspice model results. Green curves are the impedances of 
the test network and the red curves are the output of the circuit. 
Both impedance magnitude and phase are plotted. 
a and b simulation with 1 Ω test impedance, c Cole-Cole 

physiological impedance model with value set at 220 Ω, 67 Ω and 
1 nF for Rp, Rs and C respectively. Electrode impedance set to the 
upper limit values for a. For, b and c electrode impedance set to the 

unbalanced values from table 1. 
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VIII. EXPERIMENTAL MEASUREMENTS OF EIS SYSTEM 

PERFORMANCE AGAINST TEST NETWORKS 

The 3D limb EIS device incorporated the front-end 

instrumentation described in this paper and forms part of a 

clinical instrument, which is designed to take measurements 

from human tissue involving skeletal muscle. A detailed 

description of the full system is beyond the scope of this paper; 

however, in brief, this device has two sets of eight electrodes 

held in two opposing parallel plates. The distance between the 

two plates may be adjusted such that it makes contact with both 

sides of a body part, such as the forearm. Each of the plates 

holds two rows of 7 mm diameter gold electrodes on 15 mm 

centres with 30 mm between the centres of the two rows. The 
front-end electronic instrumentation is as described in this 

paper. An ARM STM32F746 microcontroller was employed 

for system control in addition to signal generation and 

detection, wirelessly linked to a PC to record data. 

To explore the performance of the circuit in the presence of 

electrode mismatch, the test circuit provided in Figure 7a was 

used. This test circuit modelled the likely extremes for electrode 

impedances, as found for the 0.6 mm diameter Zilico electrodes 

using the models developed above. The Zilico electrodes are 

quite different from the large electrodes used for the 3D limb 

device, however, this device is intended to contact keratinized 
skin, and the spreading impedance of this tissue will, partially, 

offset the difference in area. It would be useful to gather data 

on the impedance of the larger electrodes, in order to better 

quantify the likely artefacts attributable to electrode mismatch.  

The system was configured to take four measurements from 

each configuration with the drive and voltage sensing 

electrodes swapped. Figure 7.b shows the results of these tests 

with through hole resistors of 10 kΩ, 1 kΩ, 100 Ω, 10 Ω and 

1 Ω, on a logarithmically scaled y-axis so that these may be 

displayed alongside one another. For the larger test impedances, 

the curves sit very close to expected values. All the spectra are 

flat, displaying values close to the test impedance. At the 
highest impedances there is almost no low frequency roll off as 

observed by McEwan et al. [21]. This is due to the extremely 

high input impedance achieved by the bootstrapping of the 

input amplifiers. As the electrode mismatch generally causes 

additive artefact errors at high impedances, there is very little 

significant artefact. Whereas, at lower impedances the artefact 

becomes more apparent, it equates to an error in the order of 

1 Ω. It is possible to observe the limits of the dynamic range of 

the system; this is where the noise floor becomes apparent at 

the lower impedance curves. For the 1 Ω test impedance, 

system noise is more obvious and by consideration of this noise 
and artefact, a system dynamic range is estimated to be over 

80 dB. Figure 7c shows phase normalised by subtracting the 

average phase shift for the three middle test resistances. The 

reduced signal to noise for the 1 Ω test impedance makes phase 

measurements noisy and was not plotted. Up to a test 

impedance of 1 kΩ there is only a very small phase lag at the 

highest frequency of less than 3 ° and 16 ° for 10 kΩ.  For the 

1 Ω test resistance it is possible that parasitic inductance will 

make a small contribution to the observed phase shift. The 

system has a phase shift due to difference in the voltage and 

current channels and figure 7c plots phase normalised by 

subtracting average phase shifts measured from 1 kΩ, 100 Ω, 

10 Ω resitors.  

 
The main gain stage for the system employed THS4531 fully 

differential amplifiers, which have a respectable input noise of 

10 nVHz-½; however, as this device requires a circuit with a 

 
 

Fig. 7 Experimental measurements made against test networks 
using the build system. a Test circuit with electrode impedance 

models using mismatched values taken from the extremes tabulated 
in table 1.  
b. The effects of mismatching electrode impedance models. There 

are 5 groups of curves corresponding to test impedance of 10 kΩ, 
1 kΩ, 100 Ω, 10 Ω and 1 Ω. c. The same as b. but also showing 
normalized phase. Two electrode impedances were set to the 

minimum extreme and two set to the maximum extreme and each 
of the 16 curves in each group show different permutations of these 
two. The red dashed curves are where the voltage drive and 

therefore voltage receive are mismatched and the black curves are 
with the drive set to the same values.  
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relatively low input impedance, it is far from ideal. Lower noise 

and better CMRR could probably be achieved with a circuit as 

outlined by Analog Devices [22].  

 

IX. SALINE MEASUREMENTS  

Saline measurements are useful for a number of reasons. Firstly, 

they give a good indication as to whether or not the device 

functions correctly in a controlled environment; the device may 

be held in a bath containing a saline solution whose 

conductivity can be measured directly with a conductivity 

meter. Secondly, for impedance spectroscopy device 

measurements to be transferable, their measurements should be 

calibrated to SI unit systems. As resistivity is related to transfer 
impedance by the cell constant, the transfer impedance may be 

multiplied by the cell constant to give resistivity. However, due 

to the heterogeneous nature of body tissue, resistivity 

measurements will not be directly comparable to the published 

data for tissue resistivity. 

 
  

The 3D Limb device was placed, along with the top plate, in a 

shallow saline bath (1 cm deep) and the instrument was 

configured to make impedance measurements from four 

electrodes in a linear arrangement. The conductivity of the 

saline was adjusted to convert a likely physiological range [23] 
of resistivities (15.6 to 1.27) Ω·m and the results are plotted in 

Figure 8. As would be expected over this frequency range, all 

the transfer impedances are almost totally independent of 

frequency [24]. There is a small roll-off at the highest frequency 

at the highest resistivity (15.6 Ω·m), which is likely to be due 

to the interaction between the electrode impedances and the 

input capacitances of the circuit. The advantage of this circuit 

is that the channels are buffered before any multiplexing and 

hence these capacitances are very low, producing the resultant 

flat spectra.  The role off can be seen more clearly in the phase 

plotted in figure 8b, which plots the phase normalised with the 

same values as found in section VIII.  
The cell constant may be found by plotting the solution 

conductivity against measured transfer impedance; the cell 

constant is the gradient of the least square line of best fit. The 

test solutions were made by adding sodium chloride to water, 

with conductivity directly measured with an Orion Star™ A322 

conductivity meter. A titration method was employed to make 

up solutions in the required conductivity ranges. For the limb 

device, the results are displayed in Figure 9. Two data sets were 

plotted, ‘+’ with the electrodes in a linear arrangement with 

15 mm between electrode centres, and, ‘x’ a square 

arrangement with 30 mm between electrode centres. For these 

two simplistic electrode arrangements the cell constants were 

found to be 18.98 m-1 and 9.97 m-1, respectively at the mid 
range frequency of 2441 Hz. 

 
 

 
Fig. 8a Spectra measured from the four electrodes, each 7 mm 
diameter, in a linear arrangement with 15 mm between the 

electrode centers. Five solutions with respective resistivities of 
(15.6, 8.28, 4.97, 2.48 and 1.27) Ω·m were used. Each 
measurement set was repeated twice, with measurements made 

with the voltage drive on the inner electrode pair, and voltage 
detected on the outer pair, then swapped to generate a reciprocity 

pair. b including normalized phase 

 
Fig. 9 Cell constants found for two cell geometries one linear (‘x’) 
and the other with in a square arrangement (‘+’) and the frequency 

of 2441 Hz. The straight lines are linear least square fit lines with 
respective gradients (and therefore, cell constants) of (18.98 and 

9.97) m-1. 
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X. MEASURED SPECTRUM FROM HUMAN SUBJECTS  

The 3D Limb device is now in use as part of a clinical trial 

investigating EIS utility for assessing muscle health. Figure 10 

shows typical measurements taken from a human forearm. The 

two curves show the effects of transposing the drive and receive 
electrodes. Reciprocity theory [25] predicts symmetry so that 

swapping drive and receive will produce identical spectra, 

however this will not include artefact generated by electrodes, 

hence plotting the two curves gives a good indication of the 

system artefacts. As these two curves lie close to each other this 

gives confidence that the artefacts are small.  

XI.  CONCLUSIONS 

This paper demonstrates that by making some simple 
assumptions it is possible to analyse the effects of unbalanced 

electrode impedances for a wide range of impedance 

spectroscopy devices, which would otherwise result in 

significant measurement artefacts. The simplified equations 

developed over the course of this paper provide insight into the 

circuit parameters dominating the artefacts, chiefly voltage 

channel input impedance. Using this insight, novel circuit 

architecture has been developed that reduces these artefacts by 

increasing the circuit’s input impedance. By minimising 

connections to the input nodes and bootstrapping all bias 

networks, input impedances greater than 1 GΩ, in parallel with 
0.4 pF, were achieved for a system that meets the regulatory 

standards for isolation by full capacitor coupling. This 

architecture has been tested with a full circuit simulation and in 

physical hardware under a range of conditions. Hardware 

performance was tested against test circuits with typical 

mismatched electrode impedances, within saline water baths, in 

addition to measurements from a human subject. The results are 

promising; showing a practical application of the theory, 

enabling the reduction in artefact in measurements made using 

EIS, and an in vivo study has just begun investigating EIS for a 

biomarker for conditions involving human skeletal muscles. 
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in Jaffna, Sri Lanka. He graduated with a B.A 
(Hons) in electrical and information sciences 
and a Ph.D. in information engineering, in 1987 

and 1992 respectively, both from the University 
of Cambridge, UK.  
 

He is Professor of Signal and Information 
Processing at the Department of Automatic 
Control and Systems Engineering and is also 

the Director of the Rolls-Royce supported 
University Technology Centre in Control, Monitoring and Systems 
Engineering at the University of Sheffield, UK. He held Research Fellow 

positions at the Universities of Surrey and Cambridge before joining the 
University of Sheffield as a Lecturer in 1993, rising to his current 
position. He has published in excess of 200 peer reviewed papers and 

3 books in the research areas of signal processing, system identification 
and control with applications in aerospace, manufacturing, life science 
and healthcare.  

 
Professor Kadirkamanathan was awarded the PNAS Cozzarelli Prize 
in 2013. He has previously served as the Editor-in-Chief of the 

International Journal of Systems Science and as an Associated Editor 
of the IEEE Trans. Neural Networks.  
 

Dr Charlotte Kemp graduated with a B.Sc 
(Hons) in Physics with Medical Physics in 2001 
and a M.Sc. in Radiation Physics in 2004 from 

University College London, UK, followed by a 
Ph.D. in sleep and brain activity in 2008 from 
Loughborough University, UK. She is a 

Consultant Clinical Scientist and the Head of 
Clinical Engineering at Sheffield Teaching 
Hospitals NHS Foundation Trust. Charlotte has 

over 20 years’ experience working in the NHS 
and is passionate about effective device 
innovation in healthcare and its application in 

improving patient care. She has five publications in peer-reviewed 
journals in the areas of medical device development and physiological 
measurements, numerous national and international presentations, 

including a TEDxNHS talk on innovation in the NHS in 2018, three 
intellectual property registrations (one patent, one registered design 
and one license) and was appointed as one of four Chief Scientific 

Office WISE (Women in Science and Engineering) Fellows nationally 
in 2016. 
 


