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Abstract: Bioelectric impedance spectroscopy (BIS) has been widely used to study the electrical
properties of biological tissue based on the characteristics of the complex electrical impedance
dispersions. One of the problems in using the BIS method is the length of time required for the data
acquisition process and possibly data analysis as well. In this research, a compact and work rapidly
BIS instrumentation system has been developed at a low cost. It is designed to work in the frequency
range of 100 Hz to 100 kHz, which is generally used in the fields of biophysics and medical physics.
The BIS instrumentation system is built using several integrated modules. The modules are an AC
current source to produce a selectable injection current; a data acquisition system to measure voltage,
current, and phase difference rapidly and simultaneously; and software to calculate and display
measurement results in the form of Bode and Nyquist plots in real time. The developed BIS system
has been validated using a simple RC circuit as the sample being tested. The average time needed in
the process of data acquisition and analysis until the formation of impedance dispersion curves in
the form of Bode and Nyquist plots, for 54 sample frequencies, is less than one minute. The system
is able to identify R and C values of the sample with a maximum error of 1.5%. In addition, some
simple application examples are also presented in this paper.
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1. Introduction

Bioelectrical impedance spectroscopy (BIS) has been currently used in broad fields of studies,
such as biophysics, medical physics, agriculture, and other fields of life-sciences. BIS is a non-invasive
method for characterizing biological materials based on their electrical properties, which is expressed
in terms of complex electrical impedance dispersion curves over a certain frequency range [1,2]. In here,
there are three regions of bioelectrical impedance dispersion, α, β, and γ. The α-dispersion (10 Hz to
10 kHz) is related to the phenomena of ionic diffusion of the cell membrane and the counterion effects,
the β-dispersion (10 kHz to 100 MHz) is related to the polarization phenomenon of cell membranes,
and the γ-dispersion (in GHz order) is related to the polarization of water molecules [3]. Properties of
electrical impedance have been reported to understand the nature and behavior of cell [4–8], bacteria
detection and identification [9,10], identification of beverages and food ingredients [11–16], and so
on. In the medical field, BIS is used to characterizations of serum and blood [17–19], identification of
body composition and disease [20–22], and to assist the process of diagnosis and functional electrical
stimulation of the body [23–25]. Research on BIS, as mentioned, mostly covers α and β dispersion,
and is carried out using a frequency of 10 Hz to 1 MHz.
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In principle, identification of the electrical impedance of biological tissue performed by injecting
alternating current, I, into the sample through a pair of current electrodes, and measuring the voltage,
V , which arises through a pair of voltage electrodes. Then, the impedance, Z, is calculated by using
formula Z = V/I. It should be noted that V , I, and Z is complex variables, therefore a BIS instrumentation
system must not only be able to measure the magnitudes of current and voltage, but must also be able
to measure their phase difference. Therefore, a BIS instrumentation system is at least having three
functional units. First is an AC current source, which must be stable within working frequency range;
second is a data acquisition system to record voltage, current, and their phase difference; and third is
software for computing and displaying the impedance dispersion curves, which is commonly in the
Bode plot or Nyquist plot.

Furthermore, in an effort to provide a BIS instrumentation system in good performance, some
researchers have offered the new design. Starting from precision AC current sources [26], the high
accuracy data acquisition system [27,28], even the whole system device [29–33]. Commonly, the offered
BIS instrumentation system is arranged in modular and work separately. It has weaknesses in
compactness and synchronization of the hardware system. Besides that, most of the offered BIS
instrumentation cannot perform automatically frequency scans. The measurement process is carried
out manually starting from the lowest to the highest frequency, then the measurement results are
plotted using MS-Excel or others data processing software by entering the recorded measuring data.
These methods will require a long time, so it is inefficient to produce an impedance dispersion curve.

In this research, we propose a low-cost, rapid, and compact BIS instrumentation system with
Bode and Nyquist plot in real-time. There are several new things we offer:

• The system contains three main modules in an integrated (compact) ones, so synchronization
among modules can be maintained/controlled by PC, and it can work automatically.

• The system uses programmable AC current source, so that the value of the current to be injected
into biological samples can be selected/regulated through software via PC.

• The data acquisition system is built based on gain phase detector (GPD-AD8302), so that the value
of V , I, and phase difference can be identified rapidly.

• We developed computational software (in Delphi) to calculate the complex impedance values
of the samples, and also software to draw Bode and Nyquist plots. We do not need another
application program (e.g., MS-Excel) to do the calculations separately. Therefore, the time needed
for computation and data analysis to be reduced very significantly.

2. Materials and Methods

A block diagram of BIS instrumentation system which is proposed in this research is given in
Figure 1. It is built in several integrated modules, and can be grouping into three main units, i.e., AC
current source, data acquisition, and software. The unit of AC current source is a stable current source
with selectable frequency within a certain frequency range.
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Figure 1. Block diagram of the developed BIS instrumentation system.

In the implementation, an AC current source with a certain frequency is injected into the sample
through a reference resistor (R-Ref). Function of R-Ref is to guarantee that the current which is recorded
by the data acquisition system is the actual current received by the sample. In this case, the actual
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current value is the voltage value read by IA1 divided by R-Ref, while the sample voltage arising
due to injection current is read by IA2. Next, the outputs of IA1 and IA2 are forwarded to the gain
phase detector module (GPD-AD8302). GPD performs an internal process to produce the gain in dB of
(V/I) and the phase difference, the both in form of the equivalent voltages. These two signals are then
converted into digital data by the ADC contained in the ATmega microcontroller, before being sent
to the computer (PC). On the PC, the data is calculated to produce an impedance value, and plotted
directly as single point on the Bode and Nyquist charts. This process is repeated for other frequencies
until one full frequency cycle is completed.

Here, the software is developed and installed on the microcontrollers and PC, used for three
purposes. The first is to control the working function of the hardware as a whole, specifically the
selection of the current value and the desired working frequency range. The second is to calculate the
complex impedance of the sample based on data from GPD, and the third is to present the complex
impedance dispersion of the sample in the form of Bode and Nyquist plots in real time.

2.1. Unit of AC Current Source

The BIS instrumentation system requires a pure sine current signal with a selectable frequency
and amplitude. For this purpose, the unit of AC current source is developed using two modules, i.e.,
the voltage generator and the voltage to current (V/I) converter. The voltage generator is serving to
produce a sine voltage in the frequency range of 10 Hz to 10 MHz, while the V/I converter functions to
change the voltage source into current source at the related frequency, with selectable current amplitude
of the 1 µA, 10 µA, 100 µA, and 1 mA.

2.1.1. Voltage Generator

The AC voltage generator is built based on the AD9850 module, as shown in Figure 2b. The module
is widely available in the commercial market with price around $12. The AD9850 is a highly integrated
device that uses advanced DDS technology, digitally programmable frequency synthesizer, and clock
generator function. It has capabilities to produce sine and square waves signals 1-volt peak to peak
(Vpp) in amplitude and frequency range from DC to 40 MHz. The frequency tuning, control, and phase
modulation words are loaded into the AD9850 via a parallel byte or serial loading format. The parallel
load format consists of five iterative loads of an 8-bit control word, while serial loading is accomplished
via a 40-bit serial data stream on a single pin [34].
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In this project, the AD9850 module is used to generate sine-wave voltage signals. The determining
frequency value is controlled by software that installed on the microcontroller ATMega823 via serial
loading format. Figure 2a shows pins connectivity between the AD9850 and the ATMega823. W_CLK
is a clock signal for 40-bits serial data streaming, FQ_UD is frequency update signal for new data
streaming, D7-Data is 5-bytes data streaming, and RESET is signal to reset the AD9850 to the original
state. In here, simple op-amp circuit as shown in Figure 2c is perform a band pass filter (BPF), is used
to conditioning the output of AD9850 in ‘pure’ sine wave signal within frequency range of 10 Hz to
10 MHz and amplitude of 0.5 volt.

2.1.2. Voltage to Current (V/I) Converter

As explained above, in this project we use a current source (not a voltage source) to be injected
into biological samples. Therefore, the voltage that has been generated by the voltage generator must
be converted to an equivalent current. For this purpose, we use a voltage to current (V/I) converter.
There are several types of V/I converter, one of the most popular is Howland current source (HCS).
The HCS is a voltage controlled current source (VCCS) with loads connected to the ground. The HCS
has advantages in the stability, grounded mode, and simple application method. In this project HCS
with buffered feedback path is used, as given in Figure 3. The use of buffered feedback path can
provide advantages in high impedance measurements.
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Current injected to the material load ZL is IZ. According to Kirchhoff’s Current Law (KCL),

IZ = IS − IA2 (6)
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IA2 is current entering the A2 op-amp, and for high input impedance op-amp, IA2 ≈ 0, so that

IZ = IS =
VG

RS
(7)

Based on Equation (7), and with VG set constant at 0.5 volts, then the current value is only
determined by RS. By selecting RS of 500 kΩ, 50 kΩ, 5 kΩ, and 500 Ω, an IZ current value of 1 µA,
10 µA, 100 µA, and 1 mA will be obtained, respectively. In addition, in this research we use LF357 for
op-amp A1 and LF351 for op-amp A2. The LF357 has GBW 20 MHz and input impedance in order
TΩ, while the LF351 has GBW of 4 MHz and input impedance in order of TΩ. Both are low-cost JFET
input op-amp. In addition, to provide current selector is used an analog multiplexer CD4051, and it is
controlled by the microcontroller.

2.2. Unit of Data Acquisition System

Unit of the data acquisition system is tasked to read and record data of current, voltage and
phase difference along measuring process. Figure 4 provides a technical illustration of how the data is
recorded. RRef is reference resistor, use to ensure that the current measured by the data acquisition
system is the actual current that is injected into the sample. The value of the actual current Iz is the
voltage on the reference resistor divided by the value of the reference resistor, RRef.
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There are two parts in data acquisition system device, i.e., signal conditioning circuit (SC) and
gain phase detector (GPD). The SC part perform high impedance buffering, filtering, and amplifying,
as required by the GPD. The buffer is an isolation circuit, it serves to ensure that the current and voltage
signals are not affected by the circuit afterwards. Each buffer circuit is performed by LF353 op-amp.
The RC circuit after buffer forms a high pass filter (HPF). Each HPF is set at 10 Hz cut-off frequency,
is to eliminate dc-offset voltage that might arise. Finally, the AD620 instrumentation amplifier (IA) is
used in two functions, first is to convert the differential signal to single ended, and second is to amplify
the signals (G1 and G2), if needed. To provide voltage gain control through RG selection, is used an
analog multiplexer CD4051, and it is controlled by the microcontroller. In addition, the AD620 is
low-cost IA with working frequency up to 1 MHz. However, it should be noted that a greater gain will
cause the maximum working frequency will also decrease.

Based on the explanation, then the complex impedance values of the measured sample can be
calculated as

ZL = |ZL|∠θL =
VL

IL
=
|VL|∠θVL

|IL|∠θIL
; where |ZL| = |VL|/|IL| and θL = (θVL − θIL) (8)
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VZ =
VL

G2
=
|VL|∠θL

G2
= |VZ|∠θL; where |VZ| =

|VL|

G2
(9)

IZ =
VR

G1 ∗RRef
=
|VR|∠θR

G1 ∗RRef
= |IZ|∠θR; where |IZ| =

|VR|

G1 ∗RRef
(10)

so that,
ZL = |ZL|∠θL; where |ZL| = |VL|/|IL| and θL = (θVL − θIL) (11)

Furthermore, in the development of a BIS instrumentation system that can work quickly, the use
of GPD devices such as AD8302 as part of a data acquisition system is the right choice. The AD8302
has a very good ability in terms of identifying the gain and phase difference between two signals, from
low frequencies up to 2700 MHz [35]. Common configuration the use of AD8302 for gain and phase
difference measurement, especially for low frequency operation is shown if Figure 4 above. In the
figure, two CC capacitors connected to the OFSA and OFSB pins are the useful components to set high
pass corner frequency (f CH) of the measured signals. According to the application note of the AD8302
at low frequency operation [36], formula to calculate f CH is given by

fCH(kHz) = 2/CC (µF) (12)

Working principle of the AD8302 is compares the two input voltage signals i.e., VINPA and VINPB,
and generates two output voltage signals i.e., VMAG and VPHS. Where the VMAG is output voltage
proportional to the decibel ratio of voltage signals applied to INPA and INPB, while the VPHS is output
voltage proportional to the phase difference between INPA and INPB. Relationship between input
signals (VINPA and VINPB) and output signals (VMAG and VPHS) is as shown in Figure 5. The AD8302
has magnitude measurement range from −30 dB to +30 dB with a sensitivity of 30 mV/dB, and phase
measurement range from (−180 to 0) degrees with a sensitivity of 10 mV/degree or (0 to +180) degrees
with a sensitivity of −10 mV/degree.
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Based on the graphs in Figure 5, then the formulas for calculating VMAG and VPHS are

VMAG = (30 mV/dB) ∗ (log(VINPA/VINPB)) + 900 mV (13)

VPHS = (10 mV/degree) ∗ ((θINPA − θINPB) − 90◦) + 900 mV (14)

From Equations (13) and (14), the magnitude (dB) and phase angle (degree) can be written as,

mag (dB) = log
(

VINPA

VINPB

)
=

VMAG − 900mV
30mV

(15)

θ (degree) = [θINPA − θINPB] =
1800 mV−VPHS

10 mV
(16)
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Then, the real and imaginary parts of complex impedance can be written as,

|ZL| = 10
mag
20 ∗RRef

ZRe = |ZL| cos θ
ZIm = |ZL| sin θ

(17)

2.3. Software

The software was developed in Delphi, and is used for two purposes. First is for controlling the
hardware system, and second is for data analysis and display.

Software for controlling the hardware system is responsible to:

• Determine the value of the current used (1 µA, 10 µA, 100 µA, or 1 mA). This is related to the
selection of the RS value that stated in Equation (7).

• Determine low frequency and high frequency limits, and the number of data samples. This is
related to the DDS-AD9850 voltage generator programming.

• Determine the voltage gain value of the reference signal and sample signal. This is related to the
selection of the RG value to produce G1 and G2 that stated in Equation (10).

Whereas, software for data analysis and display is responsible to:

• Calculation of values of the current, voltage, phase angle, and impedance (using Equations (15)
and (16))

• Calculation of real and imaginary parts of impedance (using Equation (17))
• Plot the impedance value in the Bode (magnitude and phase as a function of frequency)
• Plot the impedance value in Nyquist (real part vs. imaginary parts)

3. Results and Discussion

3.1. Prototype of the BIS Instrumentation System

The prototype of the developed BIS instrumentation system is given in Figure 6, where Figure 6a
is photo of the hardware system and Figure 6b is main display of the software system. The main
unit of the hardware system is current source and data acquisition system. The hardware system is
equipped with connectors for biological samples and a connector to the PC as the main control device
and data processing and display unit. To inject the current from the BIS device into the biological
sample, two types of connectors can be chosen—i.e., female USB and BNC. The female USB connector
is used for interdigitated electrodes (IDT), while BNC connectors is used for parallel plates or needle
electrodes. In the software section, it provides several pre-acquisition menus such as selecting low
and high frequency limits as well as determining the frequency samples, selecting the current value,
and selecting the voltage amplification value. At the time of data acquisition, the measurement results
are displayed in the form of Bode plots (magnitude and phase-angle), Nyquist plots, and also in
MS-Excel table data for further purposes. In addition, the software system also displays the results of
calculating the resistance and capacitance values of the samples that are carried out automatically by
the program.
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Furthermore, it is important to state the validation results on the BIS instrumentation system that
has been made, specifically the performance of the current source and the data acquisition system.
Figure 7a shows the characteristics of the voltage generator, that stated in Figure 2, from frequencies of
1 Hz to 10 MHz obtained from the test results. As we can see, the signal has a good and perfect sine
wave shape at frequencies of 1 kHz, 1 MHz, and 10 MHz. At low frequencies up to 2 MHz, the signal
has an almost constant amplitude of 0.5 volts. However, starting at 2 MHz, the signal amplitude starts
to decrease with increasing frequency. So that the voltage generator module can work well in low
frequencies up to 2 MHz.
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response of several current values of V/I converter output due to related load.

In the design of a BIS instrumentation system, it is very important to measure the actual current
value that is injected into the sample, which can change due to environment such as temperature.
In this case, by using a reference resistor (RRef), the actual current value injected into the sample can
always be monitored precisely. In terms of impedance measurement, voltage and current characteristics
are also greatly influenced by the load connected to them. Figure 7b is characteristic of the current
source due to impedance loads within frequency range of 10 Hz to 10 MHz, for current setting of
1 µA, 10 µA, and 100 µA. We can see, although the voltage source to be changed has a flat shape at
frequencies up to 2 MHz, but the current will decrease at high frequencies, along with the greater load.
In here, the choice of a smaller current will provide benefits in terms of high frequency operations.
However, keep in mind that biological tissue commonly has a small impedance value, so the use of a
small current will also produce very small voltage. This is where a voltage amplifier device is needed.
In addition, with regard to the operating frequency, the BIS system has effective performance in the
frequency operation of 100 Hz to 100 kHz. Although the frequency range of 10 Hz to 1 MHz still can be
achieved, but it will provide relatively large error, especially in the lower and upper frequency borders.
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Moreover, it is important to mention here how to make Bode and Nyquist plots in the BIS system
that was developed. In here, Bode and Nyquist plots is carried out per single frequency, and repeated
until full frequency cycle has been reached. The procedure for measuring impedance using the
developed BIS system including the estimated length of time required is described as below.

(a) The first step is preparing for pre-acquisition; such as determining the current value, the frequency
limit, number of sampling frequencies, and voltage gain.

(b) Initialization and generation of sine-voltage at one frequency by the AD9850. The time required,
including providing a delay time so that the signal is stable is around 200 ms.

(c) The microcontroller takes 50 pieces of VMAG and VPHS from AD8302 for single-frequency operation
and directly sent to the PC. On the PC the data is averaged to get the best data. The time required
is around 600 ms.

(d) Calculation the value of ‘mag (dB)’ using Equation (15) and the value of ‘θ (degree)’ using
Equation (16). Calculation the value of complex impedance magnitude, real part and imaginary
part of complex impedance using Equation (17). Next, plotting the results on the Bode and
Nyquist graphs provided. The time required is around 200 ms.

(e) Return (looping) to point (b), until all frequencies stated in point (a) have been completed.

For example, in our experiments we used the frequency range from 100 Hz to 100 kHz, and
the sample frequencies were: 100 Hz, 150 Hz, 200 Hz, . . . , 1 kHz, 1.5 kHz, 2 kHz, . . . , 10 kHz,
15 kHz, 20 kHz, . . . 100 kHz (there are 54 sample frequencies). The time needed to measure complex
impedances at a single frequency is around 1000 ms (1 s). Thus, the time needed to get the experimental
data measured in one full frequency cycle is 54 s (less than 1 min).

3.2. Application Examples

In order to verify the reliability of the developed BIS system, we carry out two kinds experiments
with different samples. First experiment used a parallel RC circuit, and the second experiment used
liquid solution—i.e., mixed water and milk with different concentration.

3.2.1. Parallel RC Circuit

A parallel RC circuit is the simplest equivalent electrical model of biological tissue. In this
experiment, four RC circuit configurations were used, with the R value being fixed at 5.6 kΩ and the
C values set different at values of 1 nF, 10 nF, 33 nF, and 47 nF. These values are those listed on the
components body. Measurement by using Precision LCR meters ST2830, the following values are
obtained R fix is 5.45 kΩ, and C are 0.93 nF, 9.41 nF, 34.15 nF, and 51.46 nF simultaneously.

In the experiment, measurements were made using a BNC connector, with both components
soldered directly to the ends of the connector. We use 10 µA current value and several choices voltage
amplification. Result of the experiment for each configuration is displayed at the Bode plot, Nyquist
plot, and Excel’s data format in real-time. Cumulative results is given in Figure 8 as Bode plot, both
in magnitude (ohm) and phase difference (degree). Based on the data in Figure 8, the calculation of
component values performed by the program gets the values as shown in Table 1. The comparison of
the ‘true values’ and measured values of components give maximum error of 1.5%.
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Table 1. Measurement result and error calculation

Prec. RLC Meter Dev. BIS Error (%)

R (kΩ) C (nF) R (kΩ) C (nF) C (%) R (%)

5.45 0.93 5.472 0.938 0.40 0.86
5.45 9.41 5.489 9.341 0.72 0.73
5.45 34.15 5.377 34.653 0.64 1.47
5.45 51.46 5.415 52.602 1.34 1.17

Average Error (%) 0.78 1.06

3.2.2. Mixed Water and “Yakult” with Different Concentration

In this experiment we use interdegitated electrode (IDT). The IDT electrode is very suitable for
the measurement of impedance of small amounts of liquid material. More about the use of IDT
electrodes can be seen in several references, and not discussed in this paper. The liquid sample used in
this experiment is a mixture of mineral water and milk (“Yakult”) in several types of concentrations.
The experiment results are given in Figure 9.
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Figure 9a presents impedance values of samples in magnitude Bode plot, and Figure 9b is in
Nyquist plot. It appears that the electrical impedance of mineral water without Yakult addition has the
highest value, this is because water is a material with weak electrolyte properties so the impedance
value is relatively high. The addition of Yakult material of 0.4 mL, 0.8 mL, 1.2 mL, 1.6 mL, and 2.0 mL
to the water causes the electrical impedance of the mixture liquids to decrease. In here, the greater the
volume of Yakult added to the water, the greater the decrease in impedance that occurs. This is because
Yakult is an electrolyte solution, so the conductivity of the sample will increase, which means the total
resistance or impedance will decrease. Furthermore, using the Nyquist plot given in Figure 9b, we can
study the phenomenon of ion transport and bulk electrolyte resistance, which is very important in
material characterization by using electrical impedance spectroscopy method.
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4. Conclusions

In this research, a low-cost, concise, and fast bioelectrical impedance spectrometer (BIS) system
has been successfully developed. This system works with current sources that can be selected through
software, with values of 1 µA, 10 µA, 100 µA, and 1 mA. Working frequency that can be achieved is
from 10 Hz to 1 MHz, and is optimal in the frequency range of 100 Hz to 100 kHz. This is related to
the working ability of GPD-AD8302 at low frequencies, and also the limitations of op-amps in high
frequency operations. The results of measurement of complex impedance dispersion of the measured
material are displayed in real-time in the form of Bode and Nyquist plots. The use of automatic
frequency scanning techniques, the AD8302 GPD device, and the calculation of complex impedance
values carried out automatically by software, is the key to this equipment being able to work quickly.
To measure the full cycle in a certain frequency range, including displaying the results in the Bode
and Nyquist plots, it only takes no more than one minute. The developed BIS system has been tested
to measure the complex impedance of an RC circuit, and is able to detect component values with a
maximum error of 1.5%. It has also been used to measure the impedance distribution of a solution in
different concentrations, and is able to distinguish its concentration very well.
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