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Abstract—Many commercial benchtop impedance analyzers
are incapable of acquiring accurate tetrapolar measurements,
when large electrode contact impedances are present, as in bioim-
pedance measurements using electrodes with micrometer-sized
features. External front-end amplifiers can help overcome this
issue and provide high common-mode rejection ratio (CMRR)
and input impedance. Several discrete component-based topolo-
gies are proposed in the literature. In this article, these are
compared with new alternatives with regard to their perfor-
mance in measuring known loads in the presence of electrode
contact impedance models, to emulate tetrapolar bicimpedance
measurements. These models are derived from bipolar impedance
measurements taken from the electrodes of a tetrapolar bioim-
pedance sensor. Comparison with other electrode models used
in the literature established that this is a good and challenging
model for bioimpedance front-end amplifier evaluation. Among
the examined amplifiers, one of the best performances is achieved
with one of the proposed topologies based on a custom front-end
with no external resistors (AD8066/AD8130). Under the spe-
cific testing conditions, it achieved an uncalibrated worst-case
absolute measurement deviation of 4.4% magnitude and 4° at
20 Hz, and 2.2% and 7° at 1 MHz accordingly with loads
between 10 2 and 10 k. Finally, the practical use of the
front-end with the impedance analyzer is demonstrated in the
characterization of the bioimpedance sensor, in saline solutions of
varying conductivities (2.5-20 mS/cm) to obtain its cell constant.
This article serves as a guide for evaluating and choosing
front-end amplifiers for tetrapolar bioimpedance measurements
both with and without impedance analyzers for practical/clinical
applications and material/sensor characterization.

Index Terms— Bioimpedance, front-end, impedance ana-
lyzer, instrumentation amplifier (IA), tetrapolar impedance
measurement.

I. INTRODUCTION

ETRAPOLAR (four-point) impedance measurements are
widely used in material and device characterization and
sensor applications [1]-[7]. The latter typically involves bioim-
pedance measurements using tetrapolar electrode systems for
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the characterization of tissues (e.g., ischemia monitoring and
cancer tissue identification) [1], [2]. An AC current is injected
between a pair of electrodes, and the resulting voltage is
measured by a second pair of electrodes [8]. The advan-
tage of tetrapolar measurements is that since injecting and
measuring leads are separated, the cable and, more impor-
tantly, the interfacial contact impedance between electrode
and sample under test (SUT; e.g., tissue) are not included
in the measurement. This is since there is no current flow
through the voltage measurement leads. Interfacial impedance
is dominant particularly at low frequencies and can be orders
of magnitude larger than the actual SUT impedance, depending
on the sample, frequency, and electrode system used. This
becomes increasingly problematic as the size of electrodes
shrinks down to microscales, since electrode impedance is
inversely proportional to electrode area.

Impedance analyzers are often used for the characterization
of samples and sensors [3], [9]-[11]. This generally serves as a
means of establishing the expected impedance characteristics,
necessary for the appropriate design of custom miniature
portable electronics [1], [12]-[17]. Commercial benchtop ana-
lyzers are often based on the autobalancing pseudo-bridge
and are designed to characterize two-terminal electronic com-
ponents, such as resistors, inductors, and capacitors, which
exhibit low contact impedances [18]. As discussed in [18]
and [19], the operation of such instruments is based on the
injection of a test signal with an output impedance of 50 Q
of a user-determined fixed frequency (f) or frequency range
and fixed amplitude (V;,) to the SUT (Z,) through the high
current (Hg,) terminal, as in Fig. 1(a). This leads to the flow
of a current (/,) through the load and the establishment of a
voltage (V,) which is measured by the high potential (Hpo)
terminal of the instrument. Most of this current flows through a
current sense resistor (R,) and to a voltage-controlled voltage
source (VCVS) at the low current (L.,) terminal. Some of
the current (I;) flows through a zero detector (ZD) at the
low potential (Lpo) terminal, the output of which controls
the VCVS, as shown in Fig. 1(a). This forces the current
through L,y and the potential of the terminal to go to 0
and all the current to flow through L,. In the characteri-
zation of two-terminal devices and in the absence of contact
impedances, the instrument will be in a bipolar arrangement
and Ly, and L, will be at the same potential. Knowledge of
the potential across the current sense resistor and measurement
of the potential at Hy, terminal allow the measurement of Z,.

Interfacing the instrument with the SUT is achieved with test
leads and fixtures, which introduce parasitics. Any consequent
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(a) 50 Q H_

Fig. 1. (a) Autobalancing pseudo-bridge topology used in commercial bench-
top impedance analyzers, in typical measurements, where contact impedance
between the four leads (Lpot, Leurs Hpot» and Heyr) and the device under test
(Z,) are negligible [18], [19]. (b) Use of a front-end amplifier for tetrapolar
measurement with large contact impedances, as proposed in [23].

errors are calibrated by using open- and short-circuit refer-
ence measurements. The former measures the parallel stray
admittance (Y,), since Z; <« 1/Y, and the latter the series
fixture residual impedance (Z;). This, however, falls short
when custom fixtures and external circuits (such as multi-
plexers and amplifiers) are used [18]-[20]. In such cases,
an open/short/load compensation is applied, where a known
calibration impedance is additionally used. The compensation
procedure and equations are discussed in detail in [18]-[21].

In a tetrapolar arrangement, when measuring biomaterials,
however, there will be large electrode contact impedances
(Z.) present at each terminal. This is shown in Fig. 1(b) by
the addition of the four Z, impedances at the terminals of
Z, assuming for simplicity that all four are equal. If the
H, and L, terminals are used to connect to the current
injection electrodes and Hp, and Ly, are used to connect
to the voltage measurement electrodes of a tetrapolar elec-
trode system to measure the potential across Z,, then Ly
and L,y terminals will no longer be at the same poten-
tial due to the large Z,s. This leads to large measurement
errors [4], [11], [18], [22]. In addition, the open/short/load
compensation procedure typically performed applies only
to bipolar measurements. An open/short/load compensation
method suitable for tetrapolar measurements was presented
in [18].

Guarding of the connecting cables is also important [10].
According to [19], an extended measurement range is achieved
when the so-called four-terminal pair (4TP) configuration is
implemented. In a 4TP configuration, the cable shields of
the four terminals are shorted together at the vicinity of the
measurement site. This reduces the mutual coupling between
leads and the effect of stray capacitances between leads.
The cable resistance combined with the contact impedance
of the electrode with the SUT and the capacitance between
cable core and shield form a low-pass filter, which attenuates
and phase-shifts the potential at the Hpy terminal at high
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frequencies. The low-pass filter formed at the L., terminals
also leads to measurement errors [19]. It is thus important to
keep cables as short as possible to minimize these.

To reduce the influence of electrode contact impedance,
additional external front-end amplifiers are used to improve the
input specifications of commercial instruments when used for
bioimpedance applications [3]-[5], [9], [10], [18], [22], [23].
This involves the use of an instrumentation amplifier (IA),
with high input impedance, to convert the differential voltage
between the voltage measuring electrodes into a unipolar
voltage that can be measured by the instrument. However,
as highlighted in [24], the finite differential mode (DM)
input impedance (Z,) of the recording amplifier leads to
nonlinear voltage loading effects and thus errors in the mea-
surement of the voltage (v,) across Z, due to a current
iy [Fig. 1(b)]. Neglecting the common-mode (CM) input
impedance and assuming for simplicity that the measuring
electrode impedances are matched and equal to Z,, according
to [24], the recorded voltage is equal to

Zy

SN M.
7 127,

ey
Z, and Z, can vary depending on the application, as a function
of time and frequency. As discussed in [24] and [25], the lim-
ited input impedance degrades the overall CM rejection ratio
(CMRR). Current sinking through the amplifier will lead to an
unwanted voltage drop across Z,. If Z,s are unequal, as is typ-
ically the case, this unwanted potential drop will be converted
into a differential-mode signal from a CM one and thus into a
CM error signal [26]. In contrast to electrophysiological signal
recordings [27], in bioimpedance measurements, the main CM
interference is at the measurement signal frequency, and it is
produced by the current injected into the tissue [24], [28].
It cannot thus be removed by filtering or shielding [29]. The
current injection electrode impedances, thus, introduce a large
CM voltage [10]. A discussion on the CM voltage with regard
to the current injection modality used can be found in [25],
while CM errors are discussed in detail in [24], [25], and [29].
A high CMRR is essential to reject large CM signals and to
tolerate degradation of the overall CMRR due to mismatched
contact impedances [10], [24], [30].

The majority of the proposed front-ends are based on
the design and setup recommended in [23], where the Lo
and L, terminals are shorted together. The IA drives the
Hpo terminal and the Hy and L, terminals drive the
current injecting electrodes of the tetrapolar system, as shown
in Fig. 1(b). Thus, Hp, continues to measure the potential
across Z,, since L¢y, and Ly are shorted and at virtual ground
potential. The reference terminal of the IA is grounded.

In this article, various front-end amplifier topologies pro-
posed in the literature are compared with a number of new
alternative topologies with regard to their frequency response
and characteristics (Section II). In Section III, a tetrapolar
bioimpedance sensor, fabricated via a standard printed circuit
board (PCB) manufacturing process, is characterized using
saline solutions to obtain equivalent RC contact impedance
models. Measurements of resistive loads in the presence of
these models are used in Section IV to evaluate front-end per-
formance in carrying out tetrapolar resistance measurements
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TABLE 1 TABLE II
DIFFERENTIAL STAGE AND A CHARACTERISTICS INPUT BUFFER AMPLIFIER CHARACTERISTICS
de IMHz  Input . BW Input Bias
Amplifier 2% DM CM ' CMRR CMRR Current Amplifier— ppy DMInputZ - CMInputZ o o wA)
(MHz) InputZ InputZ dB dB A
(dB) dB) (A EL2244 120 150kQ/1pF 15 MQ 28

INALIT 2 1 TQ 1 TQ 90 16 2x10° AD843 34 10GQ/6pF  NA 50 x 10

6 pF 3pF LT1498 10.5 5pF NA 250 x 107
ADg421 10 30GQ  30GQ 100 44 1x10* AD8066 155 1 TQ/45pF 1 TQ/21pF 1x10°

3 pF 3 pF LMP7721 17 NA NA 3 x10?
AD830 40 370kQ  NA 100 74 5 Worst-case data from the component data sheets

2pF EL2244 and AD843 data are for a £15 V power supply
AD8130 270 g N;:Q 1 NII:Q 100 74 0.5 LT1498 and LMP7721 data are for a single 5 V supply

P p

MAX435 275 800kQQ NA 90* T7* 1 . . .
ADS065 155 1 TQ 1 TQ 100* 68* 1 x 10 passive components are on-chip for accurate matching and

45pF 2.1pF hence high CMRR. Consequently, this leads to a more compact

Typical case data from the component data sheets.

AD8421 and INA111 data are for +£15 V power.

AD8065 data are for 5 V single supply.

CMRR data are from LTSpice simulations, except those marked with *.
ADB8432 data are for the BR grade.

with a commercial impedance analyzer. In Section V, the sen-
sor is characterized with tetrapolar measurements in saline
solutions of varying conductivity with the selected front-end
topology. The results are discussed in Section VI. Section VII
provides the conclusion. The results of the study are useful for
extending the capabilities of commercial impedance analyzers
used for material and device characterization and also for the
development of front-ends of custom impedimetric systems
not relying on impedance analyzers [1], [14], [15].

II. FRONT-END AMPLIFIERS

Front-end amplifiers can generally take two forms. They
can either be based on single-chip solutions, which have
the advantage of a smaller footprint, or custom topologies
using multiple chips. The differential mode (DM) and CM
input impedances as well as the input bias current of single
chip solutions and of the input buffer amplifiers of custom
solutions are critical to ensure that there is minimal current
flow to the amplifier inputs. As discussed in the introduction
and in [10], [22], [24], [28], [29], and [31], a high CMRR
is essential throughout the bandwidth (BW) of interest for
differential amplifiers used for bioimpedance measurements.
Since the amplifiers are set to a gain of 1 V/V and since the
impedance analyzer used in this study measures from 20 Hz
onward, amplifier offsets are not critical in this case. The
amplifier BW is, however, critical and must be sufficiently
high and flat within the frequency range of interest for
bioimpedance measurements. This must also be such, so that
that it does not introduce additional phase measurement errors.
The characteristics of the commercial electrical components
examined in this article are extracted from the manufacturer
data sheets and LTSpice simulations and are summarized
in Tables I and II. Additional information can be found in
the respective component’s data sheet.

A. Single Chip Solutions

In recent years, a wide range of monolithic three
op-amp-based IAs have been made available in the market.
Their advantage is that a single chip is needed, and a single
external component is required to set the gain, while all other

PCB design.

One such device (INA111 from Texas Instruments) was used
in [22] with a Quadtech 1920 precision LCR meter (Table I).
Another approach involves the use of AD8130 by Analog
Devices, a differential difference amplifier (DDA) (Table I).
The use of this component as a front-end for bioimpedance
measurements with an Agilent 4294A impedance analyzer
was demonstrated in [3]. DDAs have attracted interest in
biomedical and sensor applications as IAs [27], [32]. A higher
performance three op-amp-based single chip IA is AD8421 by
Analog Devices (Table I). In this article, this A is considered
as an alternative for single chip solutions. It uses a precision
current-feedback input stage followed by a difference stage.
The former is implemented with superbeta bipolar transistors
and bias current compensation that lead to the high input
impedance and low input bias current reported in Table I.

B. Custom Topologies

Custom three op-amp IA topologies offer the freedom to
build tailor-made IAs for specific applications. A unity gain
is typically used for impedance analyzer front-ends, and the
input stage of the three op-amp IAs can be configured as
two unity gain buffers. Two such amplifiers are discussed
in [10]. The first design was composed of two bipolar
technology-based (EL2244 by Renesas) buffers (with a low
input impedance) followed by an open-loop transconductance
amplifier (MAX435 by Maxim Integrated). This topology will
not be considered in this article as the components are dated
and unavailable. The second design was composed of two FET
input buffers (AD843, see Table IT) and a DDA (ADS830, see
Table I), both by Analog Devices. A similar approach was
more recently implemented in [4], where the rail-to-rail input
and output bipolar LT1498 by Linear Technologies was used
instead to implement the input buffers (Table II). This design is
shown in Fig. 2(a). Another such solution using the rail-to-rail
output AD8065 and AD8066 (Tables I and II) from Analog
Devices was proposed in [9] and is shown in Fig. 2(b). This
amplifier uses a laser-trimmed JFET stage and an auxiliary
bipolar input stage allowing rail-to-rail-like input operation.
It uses input buffers and a difference stage requiring highly
matched resistors.

The second amplifier proposed in this article is based on the
use of AD8066 for the implementation of the input buffers
and the AD8130 DDA for the differential stage, as shown
in Fig. 2(c). Alternatively, the AD8066 can be replaced with
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Fig. 2. (a) IA topology used in [4], based on the design proposed in [10].
(b) IA topology used in [9], similar to [23]. (c) New design using a DDA and
high input impedance buffers (either AD8066 or LMP7721), similar to that
of [10].

the LMP7721 by Texas Instruments (Table II), leading to the
final topology that will be examined, as shown in Fig. 2(c).

C. Implementation

All amplifiers were incorporated into a single custom
PCB, designed in Altium Designer (Altium Ltd., NSW,
Chatswood, Australia) and manufactured by Eurocircuits
(Mechelen, Belium). The PCB used 100-um track widths
and spacings, a symmetrical layout a compact design to
minimize parasitics and approximately the same distances
between input and output pins to PCB edge connectors to
make them as similar as possible among all amplifiers. There
are parasitic capacitances between amplifier inputs through
the PCB FR4 substrate and between amplifier inputs and
outputs to ground. Consequently, different topologies and
components are characterized under the same conditions with
regard to PCB parasitics. The impedance analyzer measures
from 20 Hz onward and the amplifiers are set at unity gain.
Consequently, large DC voltages due to electrode polarization
that can saturate amplifiers with large gains are not an issue
in this case. For the same reasons, amplifier offsets are also
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not an issue. The option to use DC-blocking capacitors at
the amplifier inputs and the necessary biasing resistors to
ground forming high-pass filters, as well as DC-blocking
capacitors at the amplifier outputs, were incorporated into
the PCB design. Nevertheless, these were not used due to
the aforementioned reasons. However, these should be taken
into consideration, when using any of these amplifiers with
full-custom instrumentation. For example, a T-network with
10-MQ resistors following 1-uF capacitors was used in [33].
This provided a path for the input bias currents of the input
buffers, as well as high differential and CM input impedances.
No additional input or protection circuits or components were
used, as in [3]-[5], [10], [12]-[15], [18], [22], and [23]. Oper-
ation beyond the absolute maximum ratings of the components
is not expected, thus each component’s protection circuitry was
deemed to be sufficient for our application; neither are radio
frequency interference issues relevant.

The front-end amplifier PCB was powered by the
LM317 and LM337 voltage regulators using the decoupling
capacitor values suggested in their data sheets, while the
common ground was shorted with that of the wiring guards and
the amplifier Vie¢ terminals. A supply of £5 V was used for all
components apart from INA111 that was supplied with 6 V.
The power supply terminals of each chip were decoupled with
100-nF ceramic multilayer capacitors, and additional decou-
pling was provided by 10-uF tantalum capacitors. A voltage
of £9 V was supplied to the regulators via an Aim TTi
EL302RT power supply. The various front-end amplifiers were
characterized by applying a peak-to-peak sine wave signal of
500 mV at 43 frequencies between 20 Hz—10 MHz from an
Aim-TTi TGA12104 signal generator to the noninverting input
of the amplifier using a coaxial cable, while the inverting input
was grounded. For the AD8421, INA111, and the amplifier of
Fig. 2(a), a peak-to-peak 100-mV signal was used, from 3, 1.5,
and 2.5 MHz onward, respectively, for each amplifier. Larger
inputs beyond the respective frequencies for each amplifier led
to output signal distortion, due to a low slew rate. The input
and output signals were recorded with an Agilent InfiniiVision
MSO-X 3054A 500 MHz, 4 GSa/s oscilloscope directly from
the unloaded outputs of the amplifiers using the oscilloscope
probes. The oscilloscope was set for high-resolution measure-
ments and the measurements were averaged 8192 times. The
gain and phase versus frequency characteristics of various
amplifiers are compared in Fig. 3(a) and (b).

D. CMRR Simulations

The CMRR of the amplifiers was obtained and evaluated
using LTSpice (Analog Devices, Norwood, MA, USA) and
models provided by the component manufacturers. The results
are shown in Fig. 3(c). For the AD8066/AD8065, a worst-case
simulation was performed, as in [34], to evaluate the effect of
the resistor tolerances (0.01%) to the CMRR. This provided
the three different curves of Fig. 3(c). These were verified
using LTSpice Monte Carlo simulations.

III. BIOIMPEDANCE SENSOR CHARACTERIZATION

In this work, the tetrapolar bioimpedance sensor design
presented in [1] and incorporated in [35] was examined and
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Fig. 3. (a) Gain and (b) phase versus frequency responses of all the examined
devices and topologies. (c) LTSpice simulations of the amplifier CMRR.

characterized using the impedance analyzer and the front-end
amplifier. This electrode arrangement has been optimized
using electric field finite-element method (FEM) simulations
to maximize the integrated sensitivity to impedance changes
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Fig. 4.  (a) Tetrapolar bioimpedance electrode array used in this study.
(b) Experimental set-up, showing the E4990A impedance analyzer, the 16047E
fixture, and the 3-D-printed electrode support. (¢) Schematic illustration of the
custom 3-D-printed electrode support. The tetrapolar PCB-based impedance
sensor is kept in place by a bespoke holder and the counter-electrode faces
the PCB.

(as defined in [36]) within a specific tissue volume of interest
above the sensor surface for ischemia monitoring in the
mucosal tissue layer of the intestinal tract.

As shown in Fig. 4(a), each electrode is y = 1.2 mm long
and x3 = 300 um wide. Between current injecting (A, D) and
voltage measuring electrodes (B, C), the distance (between A
and B and between C and D) is x, = 150 xm and the distance
between the inner voltage measuring electrodes (between B
and C) is x; = 500 gm.

The sensor was manufactured using a commercial standard-
ized PCB processes with an electrodeposited soft pure (99.9%)
gold finish (10-15 gm copper, with 3—5 gm nickel, and 1-um
pure soft gold) and a rigid 1.55-mm-thick FR-4 substrate by
P.W. Circuits (Leicester, U.K.), as shown in Fig. 4(a).

A. Bipolar Saline Solution Measurements

The sensor was characterized using saline solutions. First
bipolar impedance measurements were performed to measure
each electrode impedance versus a stainless-steel AISI304L
(Fe/Cr18/Nil0) temper annealed electrode (Advent Research
Materials, catalog number FE692411), with a thickness
of 50 um and 50 mm x 50 mm in size, with both sides
of the electrode in contact with the solution [Fig. 4(b)]. These
measurements were obtained without the front-end amplifier
but by using the 16047E fixture. The stainless-steel electrode
is significantly larger than the electrodes of the sensor of
Fig. 4(a), such that its interfacial impedance may be con-
sidered negligible. Consequently, a two-point measurement is
sufficient to establish the impedance of each of the sensor’s
electrodes. A similar approach has been followed in [37]-[39].

The setup was calibrated following the built-in open/short
calibration process using the 16047E fixture, either not con-
necting anything to the two fixture terminals (open) or
shorting them together with the metal connector provided
with the fixture. All measurements were performed using
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50-mV excitation (measurements with smaller amplitudes pro-
vided the same results, confirming it did not affect electrode
impedances), collecting 400 points logarithmically, spaced
between 20 Hz and 1 MHz. Measurements were performed
with the measurement time option in the instrument set to
selection 5, which, according to the manufacturer, leads to
the longest measurement time and the highest measurement
precision possible with the E4990A. Three measurements for
trace averaging were used. Open/short calibration measure-
ments were also performed, with point averaging, using again
three measurements for greater precision. Prior to collecting
the measurements, repeated fast measurements without any
averaging were performed, until the electrode spectra were
stable and consistent.

A 3-D printed electrode holder that fits over a 100 mL
(diameter: 48 mm and height: 80 mm) translucent borosilicate
glass beaker was designed to ensure a constant distance
between the stainless-steel electrode and the tetrapolar sensor
electrodes. In this way, the cell constant [1] of the electrochem-
ical cell remains the same. The experimental setup is presented
in Fig. 4(b), showing the impedance analyzer, the fixture,
the wire connections to the electrodes, the glass beaker, and
the 3-D-printed holder with the electrodes. Fig. 4(c) portrays a
3-D rendering of the 3-D-printed electrode holder, illustrating
in more detail the experimental setting. The sensors are held
in place in this fixture with a secondary 3-D-printed fixture,
which also protects the electrical connectors from the solu-
tions. The main fixture was printed by a Fortus 400 mc using a
biocompatible material (ABS-M30i) and the secondary fixture
was printed by a Connex3 Object500 using the VeroClear
material, all by Stratasys, Ltd., MN, USA.

Deionized water with a conductivity of 0.055 uS was
obtained from a Veolia Elga Purelab Chorus 1 through a Halo
flexible dispenser. The conductivity of the deionized water
was also measured with an HANNA HI 991391 meter with
an HI 1288 probe giving a conductivity, o, of 0 mS/cm.
A phosphate-buffered saline solution was then obtained by
dissolving one P4417 tablet, purchased from Sigma-Aldrich,
in every 200 mL of deionized water. The solution conductivity
was equal to 15.24 mS/cm at a solution temperature of 19.2 °C.

Averaged measured results from eight sensors with four
electrodes each (i.e., average results from 32 electrodes) are
shown in Fig. 5. The error bars were computed by subtracting
or adding the standard deviation of the measurements at
each frequency from the average data at each frequency. The
absolute maximum magnitude and phase (as a worst-case
scenario) are also shown in the plots. This data were used
to fit the equivalent circuit models of Fig. 5(c) and (d) using
the software of [40]. The fitting results are also shown
in Fig. 5(a) and (b).

Bipolar impedance measurements between different sensor
electrode pairs [A-D, B-C, A-B, and C-D, see Fig. 4(a)]
were also performed using the 3-D-printed fixture of Fig. 4(b)
and (c) without the stainless-steel electrode. Measurements
at high frequencies, where Rg dominates, are shown in
Fig. 5(e). These measurements allowed an approximation of
Zg [see Fig. 6(g)] together with data from Fig. 10 and data
from the literature [22].
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Cpr(Model 2). (e) High frequency bipolar impedance between different sensor
electrode pairs [see Fig. 4(a)].

B. Comparison of the Derived Electrode Equivalent Circuit
Model With Others From the Literature

A vast number of electrode models can be found in the
literature. Some examples include the simple RC model of
Fig. 6(a) used in [18] for up to 10 MHz (Model 3), the model
of Fig. 6(b) used in [22] for up to 1 MHz, which models an
electrode contact impedance, followed by the stratum corneum
impedance (Model 4), the model of Fig. 6(c) proposed in [41]
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5 [41], [42]. (d) Model 6 [10]. (e) Model 7 [10]. (f) Tissue model used as Z,
in [22]. (g) Between current injecting and voltage measuring electrodes there
is an interelectrode impedance (Zig).

and [42] modeling the impedance of 500 um x 200 um
platinum electrode for epidural stimulation of paralyzed rats
for up to 10 kHz (Model 5), and the model of Fig. 6(d) of
platinum black needles of 4 mm length and 0.5 mm diameter
(Model 6) and that of Fig. 6(e) modeling high impedance elec-
trocardiogram (ECG) electrodes (Model 7), proposed in [10]
for up to 1 MHz. Attention should be paid when generating
equivalent circuits for electrode interfaces, as these should
model sufficiently the interface electrical properties within the
BW of interest and not in just one frequency. Models 3, 4,
6, and 7 have been used for front-end characterization in
the literature. As discussed in [24], the electrode interface
impedance can lead to voltage loading effects and thus to
measurement errors, if the differential input impedance of
the amplifier is low. Consequently, to properly evaluate the
examined amplifiers and to cover a wide range of applications,
an electrode model that will represent a challenging (i.e.,
a high electrode impedance) and realistic case is required.
The impedances of the electrode models of Figs. 5 and 6
were simulated with the software of [40] and are compared
in Fig. 7. This was necessary to investigate how the elec-
trode impedance and model were characterized and presented
in Fig. 5 compared with other models in the literature.

IV. TETRAPOLAR MEASUREMENTS OF KNOWN LOADS IN
THE PRESENCE OF THE DERIVED ELECTRODE
IMPEDANCE MODELS

Following the above analysis, the amplifiers are assessed
in terms of their ability to perform tetrapolar measurements
of resistive loads (Z,) with the Keysight E4990A impedance
analyzer. This is done in the presence of the derived electrode
interfacial impedance model (Z,) in the absence of the solution
resistance (Rs_») between 20 Hz and 1 MHz. The electrode
equivalent circuits and Z, are arranged, as shown in Fig. 6(g).
An illustration of the measurement setup for tetrapolar mea-
surements is shown in Fig. 8. The aim of these experiments
is to evaluate and compare all the amplifiers using the same
well-controlled experimental conditions with a wide range of
Z.s that can cover a wide range of bioimpedance applica-
tions and in the presence of a challenging (high impedance)
electrode model.
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Fig. 7. Impedance (a) magnitude and (b) phase Bode plots of Models 2-7.

To keep parasitics in the experimental setup small and equal,
when evaluating different amplifiers, the same coaxial leads
were used to interface the amplifiers to the instrument. These
were kept short and equal to 5 cm (Fig. 8). The shields of
the leads were connected at the instrument side to that of
each terminal and on the measurement side they were sorted
together as in the 4TP configuration [19]. Due to being short,
the coaxial cables were not very flexible, and no mechanical
motions were allowed during measurements that could have
introduced a varying parasitic.

All tetrapolar measurements were performed using the
Wenner/Schlumberger  injection/measurement  electrode
arrangement [8], where the outer pair of electrodes (A and D)
is used to inject current and the inner pair (B and C) is used
to measure the resulting voltage [see Fig. 4(a)]. The electrode
model (Z, = Rcr—2//Cpr, = 1 MQ//60 nF) of Fig. 5(d) was
used to build the four Z, of Figs. 1(b) and 6(g), as shown
in Fig. 8. Strip wiring boards and 5% tolerance through-hole
components were used to allow parasitics and electrode model
mismatches and, thus, closer mimic a realistic scenario. These
were then measured using the E4990A impedance analyzer
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Fig. 8.  Experimental set-up for tetrapolar impedance measurements. The

impedance analyzer is connected with 5-cm-long coaxial cables to the
amplifier and then this connects to either the four electrodes of the tetrapolar
sensor of Fig. 4(a) or to the RC electrode equivalent circuits of each electrode
of this sensor and the load under measurement (Z, ). The 3-D-printed electrode
support of Fig. 4(c) was used for saline solution measurements. The orange
nodes connect to the amplifier inputs and the blue nodes to the impedance
analyzer via the PCB. The sensor’s electrodes B and C [see Fig. 4(a)] connect
to the amplifier inputs, while electrodes A and D to the analyzer.

and the 16047E fixture using three measurements for trace
averaging, and the same calibration files, as discussed
previously, for electrode characterization. The measured
results from the four Z, were then averaged all together and
the results are shown in Fig. 7, where they are compared with
the simulated ones.

As shown in Fig. 6(g) and discussed in [22], in reality due
to the separation between electrodes A and B and between
electrodes C and D, there is a small impedance between these
electrode pairs, Zg. For reasons discussed in Section VI,
in this article, Zg was set to 150 Q. In cases where the volume
conductor changes isotropically, as in the saline solution
measurements of Fig. 10, when the impedance under study
changes, so will Zjg. However, in cases where the volume
conductor being measured changes anisotropically, Zjg can
be constant. For example, the volume being monitored can
be centered and confined within the B—C electrode spacing.
In this study, it will be kept constant for simplicity and only
Z, will vary. The use of Zg is not critical and others often
exclude it [10], [18], [24], [30]; however, its use as in [22]
leads to a more realistic and challenging scenario, as the total
load seen in the current path is increased, leading to a smaller
voltage swing across Z,. Having built the model of Fig. 6(g),
as shown in Fig. 8, this was then used to measure a range
of Z,s.

Resistive loads from 10 Q to 100 kQ (10 Q, 24 Q, 40 Q,
51 Q, 100 Q, 242 Q, 510 Q, 1 kQ, 2.2 kQ, 5.1 kQ, 10 kQ,
51 kQ, and 100 kQ) were used as Z, in the circuit of Fig. 6(g).
The model used in [22] to model deep viable tissue, shown
in Fig. 6(f), was also built and used. As can be seen, tissue
is modeled with a reactive component. This diminishes with
increasing frequency, leading to a smaller impedance. In the
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circuit of Fig. 6(f), the impedance is 66 Q at DC and decreases
to 33 Q at 10 MHz. Consequently, using fixed resistors of
large values constitutes a stricter test for the evaluation of the
amplifiers, while using a wide range of resistive loads (up to
100 kQ) covers an extensive range of potential applications.
For example, these values fall within the range of reported
impedances of ischemic tissues, which can range from a
few hundreds of ohms [5] to 5 kQ [6] or even approaching
10 kQ [7]. These loads were all measured using the E4990A
and the 16047E fixture for two-point measurements, with trace
averaging using three measurements, to provide reference mea-
surements for comparison. The measurements were calibrated
as before using the open/short calibration process. Commer-
cially available through-hole resistors were used to realize
these loads for ease. In contrast to surface-mounted metal film
resistors, these have a poor frequency response. At 1 MHz,
where the greatest deviation takes place, the 100-kQ resistor
was measured to be 97 kQ (3.7% change in value) with a
—9° phase, the 51 kQ, 50.7 kQ (0.75%) with —3.7° phase,
while for loads below 10 kQ, the magnitude deviation was
below 0.18% with a phase of less than —1°. Consequently,
the use of through-hole resistors was not an issue, as the load
values, particularly from 10 kQ and below, did not change
significantly.

Tetrapolar measurements of the loads in the presence of
Model 2 and Zg [Fig. 6(g)], with the front-end amplifiers and
without any calibration, were then performed to compare the
amplifiers. The calibration method mentioned earlier, as dis-
cussed in the introduction, is valid only for two-point mea-
surements. As before, three measurements for trace averaging
via the instrument were used. Details with regard to the mea-
surement uncertainty of the instrument can be found in its data
sheet. The measurement deviations compared with reference
measurements of the loads directly through the impedance
analyzer are shown in Fig. 9. Phase measurement error was
calculated as the difference between the two measurements
and magnitude error was calculated as the difference divided
by the reference measurement. Fig. 9(a) shows the magnitude
and phase measurement errors in the measurement of the tissue
equivalent circuit of Fig. 6(f) as a function of frequency. The
magnitude measurement error for INA111 is not shown in its
entirety for clarity, but at 20 Hz, it goes down to —654.5% and
at | MHz to —203%. Fig. 9(b) and (c) shows the measurement
errors in the measurement of different examined resistive loads
at 20 Hz and 1 MHz, respectively. The INA111 magnitude
error at 20 Hz goes down to —1900% for a 24-Q load and
down to —4580% for the 10-Q load. These are not shown for
clarity. Table III tabulates the results at 20 Hz and 1 MHz
for loads of 10 Q and 10 kQ (i.e., the range of interest for
our application) extracted from the trace-averaged plots of
Fig. 9(b) and (c).

V. TETRAPOLAR SOLUTION MEASUREMENTS

Tetrapolar measurements were then performed using the
AD8066/AD8130 front-end, the E4990A impedance analyzer,
the sensor of Fig. 4(a), and solutions of conductivities equal
to 0.05, 2.5, 5, 7.5, 10, 12.5, 15, 17.5, and 20 mS/cm.
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TABLE III
MEASUREMENT ERRORS AT 20 Hz AND 1 MHz (ABSOLUTE ROUNDED VALUES)

Fre
(HS (g) INAT11 ADS8130 AD8421 LT1496/AD830  AD8065/AD8066  LMP7721/AD8130 AD8066/AD8130
Mag Ph Mag Ph Mag Ph Mag Ph Mag Ph Mag Ph Mag Ph
(%) (deg) (%)  (deg) (%) (deg) (%)  (deg) (%) (deg) (%) (deg) (o) (deg)
20 10 4,580 80 229 8.1 5.5 3 5.7 7 5.7 6.3 86.2 67.8 34 2.8
10k 1.1 2.6 0.4 1.6 10e-3 0 0.3 0 0 0 0.1 0.4 0.1 0
IM 10 445 13.7 0.2 2.1 6.3 5.3 5.3 12.8 0.2 4.6 0.25 2.8 0.35 3
10k 108 18.3 2.2 6.1 1.2 12 34 17.5 3 10 1.4 6.2 2.25

Details with regards to the measurement uncertainty of the instrument can be found at the impedance analyzer data sheet.

The 3-D-printed fixture and beaker shown in Fig. 4(b) and (c)
were used for these measurements, without the stainless-steel
electrode. As before, a 50-mV excitation was used as well as
three measurements for trace averaging. No calibration was
used. The measured results are shown in Fig. 10. As it can be
seen from Fig. 10(a), these solution conductivities led to loads
varying between 150 Q and 1.3 k€, approximately, which are
within the range of interest for bioimpedance measurements.
Impedance magnitude measurements at intermediate frequen-
cies (25-750 kHz), obtained by extracting data from Fig. 10(a),
where errors due to the instrumentation are minimal, were
used to obtain the plot of Fig. 10(c). The data were obtained
by computing the average measured solution impedance mag-
nitude at 100 Hz, 250 Hz, 500 Hz, 750 Hz, 1 kHz, 2.5 kHz,
5 kHz, 7.5 kHz, 10 kHz, 25 kHz, 50 kHz, 75 kHz, 100 kHz,
250 kHz, 500 kHz, and 750 kHz versus solution resistivity, p
(p = 1/0). The error bars based on the standard deviation of
the measurements are included in Fig. 10(c). The data were
fitted using a linear trendline providing an R’ = 0.9998.
These measurements are a practical example for the use of
the amplifier, demonstrating how it can be used to characterize

a tetrapolar sensor and the measurement of the sensor’s cell
constant.

VI. DISCUSSION

As it can be seen from Fig. 3, although INA111 provides
FET inputs and thus a high input impedance and low input bias
current (Table 1), its use above 50 kHz can be problematic.
This is due to large phase shifts and gain peaking. Further-
more, its CMRR is the smallest at high frequencies [Fig. 3(c)].
The AD8421 provides a higher BW than INA111l. It also
provides a low input bias current and a high input impedance
when compared with the AD8130 (Table I). However, its
CMRR drops significantly at high frequencies [Table I and
Fig. 3(c)], while it introduces large phase shifts [Fig. 3(b)],
as well as some gain peaking in its passband [Fig. 3(a)]. The
ADS8065 appears to outperform INA111 (Table I). Having FET
inputs also provides a very high input impedance.

Recognizing the advantages and disadvantages (low input
impedance and a relatively high input bias current, possibly
due to a bipolar input stage) of the AD830 (see Table I),
the use of the AD843 was proposed in [10] to buffer its
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Fig. 10. Tetrapolar impedance (a) magnitude and (b) phase measurements
from solutions of different conductivities. (c) Measured impedance magnitude
as a function of resistivity.

inputs and provide a higher input impedance (Table II). The
LT1498 was proposed in [4] to buffer the inputs of the AD830.
This, however, reduces the overall BW, while it also increases
the input bias current (as it is a bipolar transistor ampli-
fier) and thus reduces the input impedance of the topology
(Table II), in comparison to the AD843. It also provides the
second worst phase response after INA111 [Fig. 3(b)]. The
LT1498/ADS830 phase goes down to —140° and the AD8421 to
—180° at 10 MHz, while the INA 111 exceeds these. These are
not shown for clarity. The MAX435 is a discontinued product
and has been included in Table I for completeness. Suffering
also from low input impedance, it was combined with the
EL2244. This TA was reported in [10] to have a 60 MHz,
—3 dB BW and a CMRR at low frequencies of 85 and
76 dB at 1 MHz and 56 dB at 10 MHz. The disadvantage
of the AD8066/AD8065 topology based on the standard three
op-amp IA is that good resistor matching is required in the
differential stage for a high CMRR. This is not the case with
topologies using a DDA. To address this, 1 k€, 0.01% resistors
were used for the realization of the circuit of Fig. 2(b). This
amplifier comes with the disadvantage of a higher cost and an
overall larger PCB design, primarily due to the high accuracy
resistors. These resistor tolerances were used to simulate the
effect of resistor mismatches to the circuit’s CMRR. As shown
in Fig. 3(c), a CMRR between 140 and 74 dB can be achieved.
This is a significant spread.
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Although both the AD830 and AD8130 are DDAs, with
similar CMRR characteristics [Fig. 3(c)], among other para-
meters which are also improved, the AD8130 has a wider
BW and a higher input impedance, as shown in Table I.
The ADS8130 provides the widest BW and lowest phase
delay [Fig. 1(a) and (b)], as well as a high CMRR at high
frequencies (Table I). However, the AD8130 provides a rel-
atively low-input impedance and a high input bias current,
possibly due to a bipolar input stage. Consequently, apart from
these shortcomings (which constitute a major disadvantage),
the AD8130 provides the best performance. To improve the
input impedance, it can be buffered with the AD8066, which is
a dual version of AD8065 with identical characteristics. Alter-
natively, the CMOS input stage LMP7721 can be used, which
has the smallest input bias current among the components
discussed in this article (Table II) and a rail-to-rail output.

According to the results of Fig. 3, the best performance in
terms of gain flatness and phase is obtained with the front-ends
employing the AD8130. All three amplifiers have a gain of
0 dB at 1 MHz, with the phase of the AD8066-buffered version
achieving a marginally decreased phase response at 10 MHz
of —14° versus —5°, when compared with the unbuffered
ADS8130, attaining, however, a higher input impedance (see
Tables I and II). When using the LMP7721, the 10-MHz phase
goes down to —20°. Since the CMRR depends on the differen-
tial stage, the DDA-based amplifiers all have identical CMRR,
with a value of 100 dB at DC and up to 12 kHz, reducing to
73 dB at 1 MHz and 54 dB at 10 MHz [Fig. 3(c)]. In the vast
majority of bioimpedance applications [13], measurements up
to 1 MHz are sufficient; thus, the rest of this article focuses
on the performance of the amplifiers within this BW.

To measure impedance, the phase of the recorded voltage
signal with regard to the injected signal to the SUT is impor-
tant. Impedance can be represented as a magnitude and phase
or as real and imaginary components. If the recording amplifier
introduces phase delay to the recorded signal, the impedance
analyzer will see this delay as part of the phase of the load.
This is also important when using custom instrumentation with
either analog or digital impedance computation. For exam-
ple, common computation in the analog domain of the real
and imaginary components is performed using synchronous
detection, also known as phase-sensitive detection [1], [13].
Such delays will affect the computation of both the real and
imaginary components. This will also influence the phase mea-
surement of magnitude/phase measurement systems [12], [14].
Phase delays in the measurement system thus need to be
known, as they will affect impedance measurement [13], [43]
and must be compensated for (e.g., using the methods of [43]).
Consequently, the AD8066/AD8130 front-end presents a use-
ful solution for the front-end amplifier of bioimpedance instru-
mentation systems based on discrete components.

The measurement of the electrode impedances of the PCB-
based tetrapolar impedance sensor is presented in Fig. 5.
The average value for the impedance magnitude [Fig. 5(a)]
is the highest at 20 Hz, as expected, reaching ~120 kQ =+
14 kQ. At 1 MHz, this is reduced to ~420 Q + 20 Q.
The average phase [Fig. 5(b)] varies from —78.5° £ 3.6° to
—1.6° £ 0.25° at | MHz. Using the maximum absolute values
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to obtain an equivalent model of the electrode impedance
provides a realistic worst-case scenario for the testing of the
front-ends [24].

In the equivalent circuits of Fig. 5, Rg models the solution
resistance, which dominates at high frequencies, and Rcr,
the charge transfer resistance, while a capacitive element
models the interfacial double layer capacitance. The latter is
performed in Fig. 5(d) by a capacitor, Cpr, and in Fig. 5(c)
with a constant phase element (CPE), which is essentially the
model of an imperfect capacitor (Model 1). The impedance
of a CPE is given by Zcpe(w) = Q7 '(jw)™, where Q is
referred to as the CPE parameter, which has no real physical
meaning and its units are S.s" and n is referred to as the CPE
exponent. When n = 1, the CPE acts as a perfect capacitor,
with a 90° phase shift and when n = 0, the CPE acts as a
resistor producing a 0° phase shift. Thus, depending on n,
the phase delay of the element is constant with a value of
—90° x n. It is well known that electrode impedance can
be modeled well using a CPE in the model. However, a CPE
can be approximated with real components using complex RC
ladder networks, which are not trivial to build [44]. In order to
build a simple equivalent RC network to be used for evaluating
the front-end amplifiers, the circuit of Fig. 5(d) can be used
instead (Model 2). Within the context of this work, a good
fit of the impedance magnitude is required, while the phase
is not as important. What is important is the comparison of
the electrode impedance with the differential input impedance
of the amplifier, as this will establish the measurement error
due to loading effects [24], while the phase is not relevant.
This is discussed in more detail in the introduction [discussion
around (1)]. The component values fitted to the data that
correspond to the circuit of Fig. 5(c) were set equal to
Rs_1 = 439 Q, Rcr—1 = 8 MQ, Ocpe = 85 nS-s", and
n = 0.925 and for the circuit of Fig. 5(d) Rs_, = 439 Q,
Rer_o = 1 MQ, and Cpp. = 59.4 nF. Indeed, Model 1 is a
better model providing a closer fit to the experimental data.
This is particularly true for the phase, as opposed to Model
2. Nevertheless, the proposed RC equivalent circuit [Fig. 5(d)]
models sufficiently well the electrode impedance magnitude
for the purpose of this study, which is the factor of interest that
may hinder front-end measurements at low frequencies [24].
At 20 Hz, the model achieves a 133-kQ impedance, when
the maximum value from the average experimental data was
135 kQ (1.5% error), and at 1 MHz, the measurements are
approximately the same. It achieves a maximum normalized
percentage error of 34.5% at 3 kHz, having a value of 990 Q
instead of 1.5 kQ, while the CPE-based model achieves a
maximum error of 7% at 12.5 kHz.

The measurements and simulations in Fig. 7 of the elec-
trode models of Fig. 5(d) (without Rs_») and Fig. 6(a)—(e)
demonstrate the varying characteristics of different electrodes.
When compared with other models used to evaluate front-end
amplifiers, the impedance of the examined electrodes has
the second highest impedance, with the vast majority having
significantly smaller impedance at 20 Hz (Fig. 7). Conse-
quently, this is a good and challenging electrode and model
for the evaluation of the front-end amplifiers with regard to
their finite input impedance [see (1)] [24]. For example, if the
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electrode impedance is very low, then all amplifiers would
perform well at low frequencies and it would thus be hard to
evaluate them properly. In applications with higher electrode
impedances, the weakest amplifier will continue to behave the
worst, while the best will demonstrate superior performance.
Consequently, the use of this high impedance electrode model
allows the overall conclusions and analysis to be translatable
and used as a guide for other cases. To implement the model
with real components, we have used Rcr—» = 1 MQ and
CprL = 60 nF. The measured Z, RC model follows well the
simulated one, with a maximum normalized deviation of 8.6%
in magnitude and 2.5° phase deviation at 1 MHz and 2%
and 0.8° deviations at 20 Hz, which arise due to through-hole
component and strip board parasitics.

Different electrode separations lead to different measured
solution resistances and the further away they are, the largest
Rs should be. This is defined by the cell constant of an elec-
trode arrangement, which depends on the separation between
electrodes, their geometry, and arrangement [45]. The further
away they are, the larger is the cell constant and the greater the
solution volume probed by a pair of electrodes. Consequently,
different electrode pairs will measure a different Rg at high fre-
quencies. This is evident from Fig. 5(e). With electrodes A and
D being the furthest apart, the impedance measured at high fre-
quencies is the greatest (670 Q =+ 48 Q). This is followed by
the impedance measured between electrodes B and C (565 Q +
37 Q), while the impedance between electrodes A and B and
between electrodes C and D is the smallest (430 Q + 28 Q),
as these are the closest spaced electrode pairs [see Fig. 4(a)].

These results are also important for the design of cus-
tom instrumentation. For example, knowledge of the high
frequency A-D impedance is vital for the ac current source
design and its output impedance, while the B—C impedance is
important for the gain requirements of the voltage front-end.
The fact that the high-frequency impedance is smaller between
electrodes B and C is beneficial for the current source, while
the greater potential difference between electrodes A and D
is also beneficial for the voltage front-end. Given that reci-
procity applies, this can be exploited to relax instrumentation
requirements, although this is not performed in this article.
Measurements of the impedance between electrodes A-C
and B-D have been omitted, as there are no direct circuit
connections between these two electrode pairs or individual
elements of the circuit of Fig. 6(g).

The 15 mS/cm saline solution measurement of Fig. 10(a),
which will be discussed later, is approximately the same with
the conductivity of the PBS solution (15.24 mS/cm) used
in the measurement of Fig. 5(e). The tetrapolar resistance
measurement of the 15 mS/cm indicates that Z, ~ 200 Q. This
is significantly smaller than the impedance measured between
electrodes B and C (564 Q + 37 Q). The measurement
between electrodes A and D at high frequencies (where elec-
trode interfacial impedance diminishes) of Fig. 5(e), according
to Fig. 6(g), is equal to 2 X Zig + Z, = 670 Q £ 48
Q and thus, in this specific case, Zig_» = 235 Q. As it
can be seen, the A-B and C-D impedances at high frequen-
cies (430 Q £ 28 Q) cannot be used to approximate Zig,
as expected. In [22], this was set to Zi_; = 100 Q.
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The average value of Zg_; and Z_, is equal to 167.5 Q.
Based on component availability, Zig was roughly set to
150 Q.

The load measurements via the front-ends and the
impedance analyzer in Fig. 9 demonstrate the superiority of
the AD8066/AD8130 both at low and high frequencies and
in the range of the examined loads. Overall, the greatest mea-
surement deviations were observed with INA111. As is evident
from Fig. 9(a), the low input impedance of AD8130 leads to
large measurement errors in the measurement of small loads at
20 Hz. Nevertheless, when used with a high input impedance
buffer, this is improved. In Fig. 9(a), at 20 Hz, the small-
est magnitude error was achieved with LMP7721/AD8130
(0.23%), followed by AD8066/AD8130 (1%) and AD8421
(1.7%). In terms of phase, the smallest error in Fig. 9(a) was
achieved with AD8421 (0.7°), followed by AD8066/AD8130
(0.9°) and AD8066/AD8065 (1.2°). At high frequencies,
the topologies using AD8130 and AD8065 outperform the
rest. According to Fig. 9(b), at 20 Hz, apart from AD8130,
INA111, and LMP7721/AD8&8130, all other front-ends achieve
similar performance, with the AD8066/AD8130 performing
marginally better. At 1 MHz [Fig. 9(c)], for loads up to
10 kQ, AD8421 and LT1496/AD830 show the worst perfor-
mance after INA111, while the best performance is achieved
with LMP7721/AD8130, followed by AD8066/AD8130 and
AD8130. However, the lower performance of AD8130 and
LMP7721/AD8130 at low frequencies leads us to conclude
that AD8066/AD8130 is the best front-end among the exam-
ined architectures for the particular application, examined
loads and electrode model.

According to the data of Fig. 9(b) and (c), an uncalibrated
worst-case measurement deviation of 4.4% in magnitude and
4° at 20 Hz was achieved with the AD8066/AD8130, while
at 1 MHz, these were 2.25% and 7° with loads between
10 Q and 10 kQ. With loads up to 100 kQ at 1 MHz, these
increase to 35% and 17°. At low frequencies [Fig. 9(b)] and
small loads, the percentage error is larger because of the large
electrode impedance and the imposed error being similar to the
measured load impedance. At high frequencies [Fig. 9(c)] and
small loads, the error is small because the electrode impedance
diminishes, and it increases as the load increases due to the
larger time constant formed with the parasitic capacitances
seen at the inputs of the amplifier. As it can be seen from (1),
the relationship between electrode impedance, measured load,
and amplifier differential input impedance is important and
will dictate the measurement error. This further supports the
deviations in the measurement of varying load resistance and
at different frequencies, as in the case of the use of the
ADS8130 without input buffers.

As mentioned earlier, typically, tissue impedance can vary
from a few hundreds of ohms up to 10 kQ. Within this
range of measured loads, the measurement error at 1 MHz
for 10 kQ is below 2.25% and 7° for the magnitude and
phase, respectively, with the AD8066/AD8130. The above
conclusions are supported by the data of Table III, where the
superiority of the proposed architecture at low frequencies and
loads is clear. Where other front-ends appear to perform better
at higher frequencies and loads, it is only marginally, while
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other amplifiers achieve significantly worse performance at
low frequencies and loads. While all these numbers (Table III)
are specific to the testing conditions used, as discussed earlier
with regard to Fig. 7, the overall conclusions are useful to
other bioimpedance applications using electrodes with higher
or lower impedances. In addition, the measured loads cover a
wide range of bioimpedance applications. Especially in appli-
cations where the electrode impedances (as is the case when
characterizing an impedance sensor) and loads are unknown,
it is important to use an amplifier that can cope with large
impedances. The results presented in this article highlight
which amplifier attributes need to be taken into consideration
for general bioimpedance applications. Finally, the analysis
presented thus far is particularly useful to establish whether
an amplifier is suitable for a particular application.

Having established that the AD8066/AD8130 is the most
preferable topology, it is used for the measurement of the
impedance of solutions of different conductivities using the
examined tetrapolar sensor. The measurements of Fig. 10
demonstrate that the measured impedance is relatively con-
stant, as expected, due to the resistive characteristics of the
saline solution. It is important to note that at low frequencies,
the magnitude remains constant [as shown in Fig. 9(a)] and
thus we can conclude that the amplifier is successful in
measuring these conductivities in the presence of the large
electrode contact impedances of the examined electrodes.
The fluctuation in the phase measurement is similar to that
observed in the phase plot of Fig. 9(a). We assume that
this is to some extent because of noise, as due to the large
electrode impedance, the voltage swing across the load being
measured is limited, while high electrode impedances lead
to high noise [46]-[50]. In addition, as discussed in [31],
the limited CMRR will lead to a CM error signal that will add
to the phase measurement error. This error signal depends on
electrode impedances and their mismatches. Due to the large
electrode impedances at low frequencies, these CM errors
will thus be greater at these frequencies. A 50-mV signal
was used in all measurements presented in this article, and
a larger excitation would reduce these errors. Nevertheless,
this fluctuation is within £3.4° and is negligible. At high
frequencies, the magnitude also remains constant, as expected
from the BW characteristics of the amplifier (Fig. 3) and the
measurements of Fig. 9. The greatest phase delay measured at
1 MHz in Fig. 10(b) was for the lowest conductivity solution
and was equal to 3.3°. According to Fig. 3(b), the phase
error of the amplifier is —1° at 1 MHz, while according
to Fig. 9(c), the maximum phase error for loads within the
range examined in Fig. 10(a) is less than 3°. In addition,
there are parasitic impedances between electrodes via the FR4
substrate and additional parasitics due to the interconnections
between the sensor and the amplifier that will contribute to
the phase being measured. These explain the small phase
delay recorded and the small change in the magnitude with
increasing frequency. The measurement of solutions of known
conductivities allows the characterization of the examined sen-
sor. The slope of the curve of Fig. 10(c) enables the estimation
of the cell constant of the sensor, which is equal to the slope
(3321.7 m™").
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VII. CONCLUSION

Commercial bench-top impedance analyzers represent the
gold standard and provide a reference point for accurate
impedance measurements. Such instruments are essential in
characterizing material and device impedances and sensors.
For example, they are necessary to verify experimentally
the design of impedance sensors or to obtain the expected
impedance range of a targeted load to provide design specifi-
cations for the development of custom miniature electronics.
However, many impedance analyzers are incapable of per-
forming tetrapolar impedance measurements in applications
where there are large contact impedances, such as in the
field of bioimpedance. Published and new front-end topologies
proposed to enhance and expand their operation and use in
such applications were examined. When comparing measure-
ments of resistive loads in the presence of electrode interfacial
impedance models, the proposed AD8066/AD8130 front-end
amplifier demonstrated the best performance at low frequen-
cies (20 Hz), where electrode contact impedance is large, with
an impedance magnitude and phase error of 3.4% and 2.8°,
respectively. This was then used to characterize a tetrapolar
sensor in saline solutions. The examined and proposed front-
end amplifiers are applicable to any impedance analyzer and
LCR meter, while they can also be used for impedance
measurements with custom electronics without the use of an
impedance analyzer. The results and methods presented can
thus be used as a guide for choosing the appropriate front-end
amplifier for such applications and for the characterization of
custom bioimpedance instrumentation.
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