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Abstract: Bioimpedance spectroscopy can be used to inves-
tigate the composition and monitor the human body, organs,
tissues, or cell cultures by measuring the voltage developed
by the injection of small alternating currents at different fre-
quencies. These currents are injected sequentially through a
frequency sweep and a with a Howland current source or one
of its modifications. However, the frequency sweep is not time
efficient and introduces problems with data coherence in the
case of bioinstability. On the other hand, the Howland current
source requires high precision matching between its compo-
nents. In this contribution we developed a custom-made device
for bioimpedance measurements based on a multisine current
waveform and on a negative-feedback topology for the cur-
rent source. Measurements on passive elements showed that
the device had less than 1Ω and 0.05∘ uncertainty in the fre-
quency range between 500Hz and 200 kHz for impedance be-
tween 1 kΩ and 10 kΩ. The measurements were affected by an
inductive artifact connected with the limited common-mode
rejection at high frequencies. Nevertheless, we could charac-
terize the artifacts through a fitting procedure to recover the
expected value of the targeted impedance.

Keywords: Bioimpedance, impedance spectroscopy, FPGA,
Analog Discovery 2, multisine, broadband excitation, instru-
mentation amplifier, common-mode rejection, multifrequency,
current source.

1 Introduction

In bioimpedance spectroscopy measurements, small alternat-
ing currents are injected in the human body, organ, tissue, or
cell culture under investigation. From the generated voltage
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fluctuations the impedance of the sample is recovered. This
provides a plethora of information in an easy and non-invasive
fashion also without the usage of any ionizing radiation [1].

Examples of bioimpedance measuring applications range
from clinical monitoring [2], impedance plethysmography [3],
and wound healing [4] among others.

The safety of electrical measurements is regulated by the
IEC 60601 standard which limits the admissible amplitude of
the alternating current to the milliampere or sub-milliampere
range depending on the frequency [5].

To comply with regulations precise and reliable current
sources are employed. These are usually based on the Howland
current source topology or one of its modifications [6]. How-
ever, these topologies require several elements to be matched
to very high precision in order to guarantee an elevated output
impedance.

Bioimpedance is usually measured through a frequencies
sweep with each frequency measured sequentially one after
the other [7]. This can give problems with data consistency be-
cause of bioinstability which is produced by the natural occur-
ring movements of the subject, but also by the blood perfusion,
respiration, or other physiological related mechanisms. Thus,
there are potential variations in the impedance between the ap-
plication of consecutive frequencies. These variation could in-
validate the measurements. Therefore, additional mathemati-
cal tests based for example on Kramers-Kronig relations are
necessary to ensure the data quality [8].

To overcome this problem broadband excitations are pre-
ferred. Furthermore, broadband excitations are also effective
in terms of measuring time and injected energy [9]. Among
broadband excitations, Kallel et al. pointed out that a multi-
sine with logarithmically distributed frequencies has the high-
est spectrum amplitude and it is also one of the most energy-
effective [10].

In this work we show a custom implementation and
the performances of a device for bioimpedance spectroscopy
based on a four-electrode setup and a multsine current wave-
form. The device was made of an analog front-end imple-
menting a negative-feedback current source topology. This
front-end was powered by an field-programmable gate array
(FPGA) which provided the analog-to-digital and digital-to-
analog converters necessary to produce and record the multi-
sine.
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Fig. 1: Functional schematic of the custom bioimpedance device.
𝑍 represents the impedance to measure.

Besides, here we discuss some measurements artifacts and
their relations with the limited bandwidth and common mode
rejection of the operational amplifiers employed in the setup.

2 Analog Front-end
Development

As shown in Figure 1 the analog front-end for the
bioimpedance device employed two operational amplifiers
(OP1-2) and two instrumentation amplifiers (INA1–2).

The signal coming at 𝑣𝑖𝑛 first passed through a lowpass
filter (OP1). This filter was implemented with Sallen–Key
topology and had a cutoff frequency of circa 400 kHz. Subse-
quently OP2 served as voltage-controlled current source. This
opamp operated in a negative-feedback topology converting
the filtered signal into the current 𝑖 according to the size of
𝑅𝑠. For our tests 𝑅𝑠 was set to 10 kΩ. This gave a peak-to-peak
magnitude for the current of circa 200 µA. This current mag-
nitude was well-below the limits specified by the IEC 60601.

𝑣𝑖𝑛 was where the digital-to-analog converter of the
FPGA was connected and the multisine excitation was fed into
the system.

The two instrumentation amplifiers (INA1–2) recovered
the voltage drop across the targeted impedance 𝑍 and the cur-
rent across the resistor 𝑅𝑠, respectively. This voltage was di-
rectly proportional to the current 𝑖 circulating into the system.
The two INAs conditioned the signals to be send to the analog-
to-digital converter of the FPGA at 𝑣𝐶ℎ1

and 𝑣𝐶ℎ2
.

The FPGA also provided the ±5V for the voltage rails
which powered OP1–2 and INA1–2 (not shown).

The analog front-end was developed on a breadboard us-
ing an OP37E and an LMC6001 as OP1 and OP2, respectively,
and two INA128P as INA1–2. The FPGA was the Analog
Discover 2 from Digilent controlled using the python library
pydwf [11]. A measurement consisted of setting up the mul-
tisine excitation for the waveform generator of the FPGA and
synchronously acquiring the signals at at 𝑣𝐶ℎ1

and 𝑣𝐶ℎ2
.

3 Artifact Model and Fitting

The measurements were affected by the limited common mode
rejection of the INA1 at high frequencies. Then the measured
impedance 𝑍𝑚 could be modeled as:

𝑍𝑚 = 𝐾(𝑓)𝑅𝑠 +
𝐾(𝑓)𝑍

2
+ 𝑍 (1)

which was a function of the targeted impedance 𝑍, the mea-
suring resistor 𝑅𝑠, and a factor 𝐾(𝑓). The factor 𝐾(𝑓) was
function dependent and represented the fact that a part of the
voltage developed on 𝑅𝑠 passed into 𝑣𝐶ℎ1

because of the in-
sufficient common mode rejection. This rejection was up to
120 dB at low frequencies for an INA128P [12], but it deteri-
orated quickly at higher frequencies. Here 𝐾(𝑓) was success-
fully modeled as a high-pass filter:

𝐾(𝑓) =
𝑗2𝜋𝑓𝑎0

𝑗2𝜋𝑓 + 2𝜋𝑓0
. (2)

It is easy to see that if the common mode rejection is perfect
𝐾(𝑓) = 0 and 𝑍𝑚 = 𝑍.

This model was implemented into a fitting which was per-
formed minimizing the 𝜒2:

𝜒2 =
∑︁
𝑖

Re(𝑍𝑖 − 𝑍𝑚)2

Re(𝜎𝑖)2
+

Im(𝑍𝑖 − 𝑍𝑚)2

Im(𝜎𝑖)2
(3)

where 𝑖 is the frequency index and 𝜎𝑖 are the experimental un-
certainties recovered for example from repeated experiments.
Note that separating the complex values into real and imagi-
nary part as in eq. (3) was equivalent to consider them as inde-
pendent experimental samples. This assumption was ensured
by the uncorrelated noise distribution of the standard devia-
tions.

The uncertainties 𝜎𝑗 for the parameters 𝑃𝑗 to fit (𝑍, 𝑎0,
and 𝑓0) were derived as in [8] with 𝜎2

𝑗 = 𝐶𝑗,𝑗 , where 𝐶 =
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𝛼−1 and 𝛼 was defined from the partial derivatives of the fitted
model 𝑍𝑚 versus the parameters 𝑃 :

𝛼𝑗,𝑘 =
∑︁
𝑖

1

𝜎2
𝑖

[︂
𝜕𝑍𝑚

𝜕𝑃𝑗

𝜕𝑍𝑚

𝜕𝑃𝑘

]︂
(4)

The errors on the estimation of the fitted parameters 𝑃𝑗 was
then considered as twice 𝜎𝑗 .

4 Methods

The measurements were performed with a sampling fre-
quency of 1MHz. Typically, the multisine comprised 18 quasi-
logarithmically distributed frequency between 500Hz and
400 kHz. All the frequencies had the same amplitude and they
were chosen avoiding common small integers multiples. Also
they had a minimal bin spacing between harmonics as speci-
fied by Koster et al. [13].

The impedance was calculated post-acquisition through
fast Fourier transforms (fft) employing a periodic Blackmann-
Harris window function. The device performances were char-
acterized employing several resistors as 𝑍 and 𝑍𝑐𝑜𝑛𝑡..

5 Results

Figure 2 shows the experimental uncertainty obtained repeat-
ing the same measurement 100 times for a set of three resistor
ranging between 10 kΩ and 100Ω. For all three resistors both
the standard deviation on the absolute value and the phase of
the recorded impedances was plotted against the frequency.

The uncertainty on the absolute value was below 1Ω until
200 kHz for all resistors and grew exponentially beyond that
point (Figure 2 a). Particularly the variation was the lowest be-
tween 10 kHz and 100 kHz, with the values for 100Ω reaching
0.2Ω.

The phase uncertainty was below 0.05∘ for 1 kΩ and
10 kΩ until 300 kHz. The values for 100Ω were consistently
higher in all the frequency range. We attributed this to the low
ohmic drop generated on the resistor, i.e. only 20mV peak-to-
peak in this case.

In Figure 3 the Nyquist plot for two resistors used as tar-
get impedance 𝑍 and their respective fitting, which were per-
formed following the model (1), are displayed. The plot of a
resistor should be a single point on the real axis at the value of
the resistor: at 98.8Ω and 1761Ω for figure a) and b), respec-
tively. Instead, at the highest frequencies the impedance dis-
played an inductive behavior and the magnitude of the imagi-
nary part increased. This was a consistent behavior for all mea-

a)

b)

Fig. 2: Experimental uncertainties for three different resistor sizes
(10 kΩ, 1 kΩ and 0.1 kΩ) and 100 measurements. a) standard
deviation on the absolute value of the impedance. b) standard
deviation on the phase.

surements and was attributed to the failing common mode re-
jection of INA1 at high frequencies.

For Figure 3 the estimated values of the 𝑍, recovered
with the model (1), were 99.47(15)Ω and 1760.96(23)Ω for
figure a) and b), respectively. The values of 𝑎0 and 𝑓0 were
0.3541(31) and 8.029(71) × 105 Hz for a) and 0.826(10) and
1.270(15)× 106 Hz for b).

6 Discussion

Contrary to many works on bioimpedance, here the analog
front-end employed a negative-feedback topology to realize a
voltage-controlled current source. The advantage of this topol-
ogy laid in its simplicity given that it was realized with a sin-
gle operational amplifier and a single resistor. Also its out-
put impedance was limited by the non-inverting gain. In fact,
when the load impedance, which in Figure 1 would be given
by 𝑍+2𝑍𝑐𝑜𝑛𝑡., was much larger than 𝑅𝑠 the bandwidth of the
device was lowered and smaller amplitude alternating currents
could be injected at the highest frequencies. With this topol-
ogy the best performances are theoretically achieved when the
load impedance has a magnitude comparable to 𝑅𝑠. In this
case the gain is two and the voltage-controlled current source
has a bandwidth matching half the gain–bandwidth product of
the operational amplifier (1.3MHz for the LMC6001 [14]).
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a) b)

Fig. 3: Experimental measurements with fitting: a) 𝑍 = 98.8Ω, b)
𝑍 = 1761Ω.

On the other hand, the main disadvantage of this topology
was that it consumed a large portion of the available voltage
swing on the resistor 𝑅𝑠 and it made impossible to adjust in-
dependently the resistor used to set and to measure the current
amplitude.

Figure 2 shows that the measurement uncertainty did not
have a strong dependency on the value of the target impedance.
Also the uncertainties grew particularly large beyond 200 kHz.

As visible from Figure 3 the measurement were affected
by inductive artifacts. We attributed these artifacts to the insuf-
ficient common mode rejection of INA1 and we accounted for
it in the fitting model. This model could well resolve and elim-
inate the artifact. In fact, the values recovered for the targeted
impedances were in very good agreement with the experimen-
tal ones.

On the other hand, we observed that the values for 𝑎0 and
𝑓0 were not the same between measurements performed on
different targeted impedances. This precluded the possibility
to use fixed known values for them, as for example through a
series of calibrations.

7 Conclusions

We successfully developed and characterized a custom device
for bioimpedance measurements in four electrodes configura-
tion. This device was capable of reliable measurements em-
ploying a broadband multisine and a negative-feedback VCCS
with frequencies between 0.5 kHz and 200 kHz.

Although an inductive artifact appeared it was easily re-
moved by including it in a fitting model.
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