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m Non-Linear Element
frequency signals, thereby reducing the signal-to-noise ratio (SNR). While

offering advantages, the increasingly common use of microelectrodes /_' I [ I /T\ ] /T\
poses challenges due to their low-frequency high impedance, which is /\/ \/mm fo  fotfn T

comparable to the one of the front-end, thus creating additional difficulties
in signal acquisition. To tackle the challenges of in-vitro low-frequency
biosignal acquisition, this letter proposes a novel methodology based on the upconversion of low-frequency biosignals
to a higher frequency band by a Schottky diode immersed in a solution. This letter aims to demonstrate the feasibility of
the new sensory method by translating in frequency the information of a sinewave stimulus representing a biological signal.
Experimental results showed a conversion loss of 11.11 dB and demonstrated the upconverted signal propagation in the

solution, measuring an intermodulation power above the noise floor, from —87.04 to —104.13 dBm. The proposed method
provides a better signal-to-noise ratio than the traditional acquisition method, estimating an improvement of 8.99 dB.

Abstract—Traditional analog front-ends for biomedical signal acquisitions
operate at very low frequencies (Hz-range) and are severely affected
by flicker and environmental noise, which degrade the quality of low-

New band
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Index Terms—Chemical and biological sensors, biosignal recording, frequency translation, in vitro neural recording, nonlinear mixing
product.

[. INTRODUCTION

S

Acquiring biomedical signals is crucial in medical research, diag-
nosing, and treating various medical conditions. In vitro acquisitions
are useful alternatives to in vivo experiments to study cell pathologies,
their interactions, and reactions to medical treatments in a controlled
environment [1]. Neural cell cultures are used to study the development
of neural connections and neuron interactions [2], neuronal patholo-
gies [3], and to develop new methods for acquiring neural signals
(potentiometric and amperometric) [4]. In vitro acquisitions allow
both intracellular and extracellular recordings. Extracellular signals
include: 1) extracellular action potential (100 Hz to 10 kHz, 50 1V,
500 uV,,) and 2) local field potential (1 mHz to 200 Hz, 0.5 mV,, to
5 mVp,) [5]. Intracellular recordings are instead characterized by an
amplitude ranging from 10 mV, to 80 mV,,, measured through sharp
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Fig. 1. (a) Classical methodology used for neural recording in vitro.

microelectrodes penetrating the neural membrane. In all the cases, the
standard analog front-end to measure neural signals typically includes
a low-noise amplifier (LNA) [see Fig. 1(a)].

Despite advancements in LNAs gain, power consumption, and
miniaturization [6], [7], neural recordings face several challenges.
First, noise is a significant concern, as low-frequency signals are
primarily subject to flicker noise (1/f) and environmental noise.

Corresponding author: Andrea Bontempi (e-mail: andrea.bontempi@polito.it).
Associate Editor: S.-R. Kothapalli.
Digital Object Identifier 10.1109/LSENS.2024.3430493

(b) New sensory method for frequency translation of biological signals.
The low-frequency biological signal is mixed with a high-frequency
carrier and upconverted using a nonlinear element.

Therefore, ultra-low-noise stages are needed to achieve a sufficient
signal-to-noise ratio (SNR) while increasing area and power con-
sumption. Second, the microelectrode impedance increases with the
reduction of geometrical surface area and as the sampling frequency
decreases [8]. Third, the microelectrodes introduce an offset of tens
of mV, typically mitigated with a high-pass filter [9]. However, given
the low-frequency nature of the biosignal, filtering may not suffice.
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This letter presents a new sensory method for measuring and study-
ing biological signals in vitro Fig. 1(b). The idea is to add a passive
nonlinear element (e.g., diode) immersed in the solution and inject
a high-frequency carrier. The nonlinear element acts like a mixer by
upconverting the biosignal information in frequency. The feasibility
of the proposed method is discussed based on experimental tests.

II. MATERIAL AND METHOD

The proposed measurement system uses a nonlinear element (diode)
to mix a biological/neural signal (f,,) and a high-frequency carrier (f.).
The current flowing in the diode ip(7) is related to the forward diode
voltage vp() as

in(t) = I, (e?*v() _ 1) )

where [ is the reverse-bias saturation current, n is the ideality fac-
tor, V; is the thermal voltage, and vp(7) is given by the sum of
the carrier (large signal) and the biological signal (small signal)
V.cos(w.t) + V,cos(w,t). The large-signal carrier excites the nonlinear
diode, while the biological signal perturbs its /-V characteristics. The
Taylor expansion of ip(¢) [10] is defined as

. 1 2 2
in(t) = 7% (V2 +V}) + a V.cos(wt)
+ aV,cos(w,t) + o, V. V,cos [(w, - w,) 1]
1 1
+ —ot2chcos Quw.t) + —ozZVnzcos Qawyt) 2)

where «; is equal to —’— and o isequal to —*— = v B and depend on the diode
characteristic. The Taylor expansion reveals the presence of intermod-
ulation products f. = f,,, demonstrating the theoretical possibility of
upconverting to high-frequency the intrinsic low-frequency biological
signal.

Three commercial off-the-shelf Schottky diodes (SMC 95SQ015,
ST Microelectronics BAT46, Skyworks SMS7621-079LF) were used
to experimentally validate the frequency translation of the biological
signal.

The three diodes were first tested in dc to evaluate their /-V
characteristics and to assess the diodes’ nonlinearities.

Fig. 2(a) shows the experimental setup including a function gener-
ator (Keysight 33500B), a low-noise preamplifier (stanford research
systems SR560), and a signal analyzer (Keysight PXA N9030A). A 1 x
phosphate-buffered saline (PBS) solution (Sigma-Aldrich) was used
to mimic a biological environment. Aluminum foil electrodes were
placed on the beaker walls to inject the carrier signal and simulate the
biological signal Fig. 2(b). The electrodes’ size was approximately
6 cm x 2 cm and they were placed at a distance of 6 cm. The diode
was placed in the middle of the beaker to maximize the coupling with
the electric field generated by the electrodes Fig. 2(b).

The test bench Fig. 2(c) was used to measure the power across the
diode and evaluate the efficiency of the mixing product. Conversion
loss (CL) is used to evaluate the performance of the proposed method
by measuring the power lost due to upconversion. CL is defined as

L= |Pfc:kfna dBm — Pflh dBml (3)

where Py, is the power of intermodulation, and Py, is the power
of the emulated low-frequency biological signal (i.e., the neuron). To
optimize the new measurement system, it is essential to minimize CL
so as to minimize the power loss due to upconversion.

The signal generator was set to 20 V,,;, at 10 kHz and 200 mV/,, at
630 Hz for the carrier and biosignal, respectively. The voltage across

335008 SRS SR560  N9030A PXA 335008
Signal generator Preamplifier ~ Signal Analyzer |

SRS SR560 N9030A PXA
Signal generator Preamplifier ~ Signal Analyzer

Fig. 2. (a) Experimental setup. (b) Magnification of beaker including
aluminum electrodes immersed in PBS solution and the three Schottky
diodes: 95SQ015 (I), BAT46 (lI), and SMS7621-079LF (lll). (c) Test
bench for measuring the potential difference across the Schottky diodes
in the PBS solution. (d) Equivalent electric model for the potential dif-
ference across the diode. (e) Test bench for measuring the propagation
of the intermodulation signal in the PBS solution.

the diode terminal is acquired using differential low-noise preamplifier,
configured with a bandwidth of 10 Hz—300 kHz and a gain of 1. The
50 2 output of the preamplifier was connected to the PXA signal
analyzer input (noise floor of —110 dBm). The peak-to-peak voltage
(Vpp) is derived as

rasm
Vop = V 1073~ 10" 8R 4)
where Pypy, is the measured power, and R is the 50 2 input impedance of
PXA. The differential preamplifier is fundamental, allowing the diode
decoupling from the 50 2 impedance of the PXA [11]. The test was
performed on all three diodes by varying the length of the diode ter-
minals (2 cm, 1 cm, 0.5 cm, 0.1 cm). The length of the diode terminals
changes the exposed area and the distance between the probes, thus
varying the diode coupling with the signal generator. Electrochemical
impedance spectroscopy (EIS) is a technique to measure the impedance
of a system using a sinusoidal signal (e.g., ac voltage) over a wide
range of frequencies. EIS was performed with a potentiostat (Metrohm
Autolab PGSTAT302N) in the frequency range 0.1 Hz—100 kHz and
an equivalent electrical model of the electrodes/PBS interfaces was
derived Fig. 2(d).

The test bench Fig. 2(e) evaluated signal attenuation from the diode
to the recording electrodes. The diode with the best nonlinearity was
immersed in the solution, with recording probes connected to two other
electrodes [red in Fig. 2(b)]. The diode terminal length was varied from
0.5 to 2 cm with a step of 0.5 cm, with carrier frequencies of 1 kHz,
3 kHz, 10 kHz, and 100 kHz.

[ll. RESULTS AND DISCUSSION

Fig. 3(a) shows the /-V curve of the diodes (95SQO015 in blue,
BAT46 in yellow, SMS7621-079LF in green), highlighting their non-
linear properties. The ideality factor 1) of the diode is related to the slope
of the log('D) curve, and it is derived by fitting the experimental data.
The dlode 955Q015 (blue) shows the lowest 1 equal to 1.04, while the
diode BAT46 and SMS7621-079LF (yellow and green) show higher n
values equal to 1.30 and 1.29. The ideality factor of a Schottky diode is
crucial for the mixer performance; a value close to 1 guarantees better
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(a) I-V curve of Schottky diodes. (b) Measurement of power at the ends of the three Schottky diodes Fig. 2(c) for 10 kHz carrier frequency

(fe), 630 Hz neuron frequency (f,), and intermodulation product frequency (f.=+ f,). Four diode terminal lengths were tested. EIS measurement
showing the electrode/PBS magnitude and phase impedance with the corresponding equivalent electrical model (R, R2, and C}) .

Table 1. Simulation and Measurement Results Obtain From Electrical
Model Fig. 2(d) and the Test Bench Fig. 2(c)

. P,dBm P, dBm P, dBm
Diode @f. @f, @+ f, CL,dB  Type
95SQ015 —3.42 —4352  -56.24 12.72 Meas.
955Q015* —-3.96 —43.80 -50.23 6.43 Sim.
BAT46 —6.96 -46.79  —86.06 39.27 Meas.
BAT46' —-7.07 —47.27  —81.06 33.79 Sim.
SMS7621-079LF -4.43 —43.69 -82.12 38.43 Meas.
SMS7621-079LF*  —4.03 —44.01  —84.45 40.44 Sim.

Electrical model:

*Ri=113Q, R, =75Q,C, =3.6UF, R; =22.9Q, R, =20.4 Q, C, =5.60 uF
TR =20Q,R,=332Q,C,=4.44UF, R; =254 Q, R, =20 Q, C, = 4.74 uF
Ri=11Q, R =75Q,C, =3.6UF, R; =35Q, R, =204 Q, C, =5.60 yF
Length of diode terminal 2 cm, V. = 20Vpp, /. = 10kHz, V» = 200mVpp , and f, = 630Hz.

efficiency and lower CL. The 95SQ015 diode shows a low 7, and thus,
by (2) guarantees higher intermodulation than the other two diodes.
Fig. 3(b) shows the power across the diodes as a function of the
diode terminal length. The plot includes the powers of the carrier
signal (fc, squares), the simulated biological signal (fn, triangles),
and the intermodulations products (fc-fn, asterisks) and (fc + fn,
diamonds). While varying the diodes’ terminal lengths, the power
associated with the 20 V, carrier signal ranges from —13.76 to
—3.42 dBm for the diode 95SQ015 (blue), from —17.35 to —6.96 dBm
for BAT46 (yellow) and —24.02 to —4.43 dBm for SMS7621-079LF
(green), ensuring sufficient power for all three diodes to reach the
region of nonlinearity. Emulating the biological signal with a constant
200 mV,, excitation, the corresponding power as a function of the
diodes’ terminal length ranges from —55.99 to —43.54 dBm for
955Q015, from —59.37 to —43.69 dBm for BAT46, and —59.72
to —46.79 dBm for SMS7621-079LF. Powers in these ranges mean
reproducing a biological signal with a voltage amplitude in the range
of 653 'V, to 4.20 mV,,. By shortening the length of the terminals,
as expected, the coupling of the diode with the electric field decreases.
The intermodulation products f. £ f, exhibit no differences across all
tested diodes, indicating that both convey identical information. For the
diode 95SQ015, the intermodulation products (f. =+ f,) are all above
the noise floor, with amplitudes ranging from —64.02 to —56.24 dBm,
showing an average CL relative to the biological signal of 11.11dB.
For diodes BAT46 and SMS7621-079LF, only the intermodulation
measurements with a terminal length greater than or equal to 1 cm
yielded results above the noise floor. These measurements ranged from

® With diode

Without diode —90

Intermodulation Power, dBm
I
S
8

-105

Intermodulation Power, dBm

-110

S h iqal, cm
S0 45 terminals
N Diode \ength

Fig. 4. Intermodulation power is measured in the PBS solution
Fig. 2(e) with and without the 95SQ015 Schottky diode immersed in
it at varying the carrier frequency and terminal length of the diode.

—96.32 to —81.94 dBm and —89.55 to —86.04 dBm, respectively.
The average CL for BAT46 is 40.77 dB and for SMS7621-079LF is
42.95 dB. In summary, the results show that the diode 95SQ015 ensures
superior performance compared to the other two diodes.

Table 1 compares the measured power using diodes with a terminal
length of 2 cm with the simulated powers using the EIS-derived elec-
trical equivalent model Fig. 2(d). Equivalent impedances were derived
from the magnitude and phase obtained from the EIS analysis, as shown
in Fig. 3(c). The values of all the parameters of the three electrical
equivalent models are reported at the bottom of Table 1. Simulation
and measurements match almost perfectly for both the carrier and the
biological signal powers. Instead, the intermodulation products show
discrepancies of 6.01 dB, 5.00 dB, and 2.33 dB, respectively, for diodes
95SQ015, BAT46, and SMS7621-079LF. The results obtained from
the model simulations show a better CL than the measurements, most
probably because the instrumentation and probes in the model were
considered ideal. However, the electrical model shows the same trend
as the experimental measurements, demonstrating and validating that
the diode 95SQO15 has a better nonlinear effect, thus ensuring more
efficient frequency translation with lower CL.

Fig. 4 presents the experimental results from the setup in Fig. 2(e),
showing the measured intermodulation power in the PBS solution with
and without the diode. Without the diode, the measurement is the
noise floor. The intermodulation power was measured as a function
of both the carrier frequency and the length of the diode terminals.
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The latter significantly influences the amplitude of intermodulation,
proportionally decreasing with the diode terminal’s length due to
reduced coupling with the recording electrodes. Instead, for a terminal
length of 2 cm, the intermodulation power ranges from —93.77 to
—8&87.04 dBm (above the noise floor) for all carrier frequency tested. For
frequencies of 1 kHz and 3 kHz, the minimum length for acquisition
above the noise floor is 1.5 cm (—98.29 dBm and —91.47 dBm,
respectively). While for acquisitions at 10 kHz and 100 kHz, the signal
can be measured even with a terminal length of 1 cm and it is equal
to —101.29 dBm and —104.13 dBm, respectively. Intermodulation
was observed within the solution despite significant distances between
electrodes and diode terminals, demonstrating effective long-distance
signal propagation. However, the signal is near the noise floor, which
could potentially be reduced to —130 dB with advanced instrumenta-
tion. Extended terminals enhance coupling with electrodes, improving
signal recording and propagation. Higher carrier frequencies provide
advantages such as improved signal propagation through capacitive
pathways and decreased noise floor.

Experimental tests demonstrated the feasibility of using a Schottky
diode immersed in a solution to mix the biological signal and a
high-frequency carrier, thus upconverting the information to a high-
frequency band. This approach is promising for sensing applica-
tions, especially in fields demanding accurate measurement of low-
frequency, low-amplitude signals. Differently, from [12], which used
active electronics for signal upconversion after the acquisition, our
method involves a diode in the solution for upconversion downstream
in the acquisition chain. Although the effect of the passive diode
mixer introduces a CL, the translation in frequency ensures a decrease
in impedance by 2-3 orders of magnitude [8]. In addition, it has
been demonstrated that the spectral density due to microelectrodes
is above 100 nV/+/Hz at low frequency (i.e., Hz), while it is below
10 nV/+/Hz at higher frequency (i.e., kHz), thus providing better
SNR [13]. Considering the best CL obtained of 11.11 dB and the noise
spectrumina 1 kHz band, an SNR improvement of 8.99 dB is estimated
compared with the classical methodology for neural recording. An
improvement in SNR of only 2.2 dB by optimizing the electrodes is
reported in [14]. The simulated noise density due to the 95SQ015 diode
is 60 pV/+/Hz, thus being negligible.

Future work involves optimizing the proposed system using fully
custom diodes to reduce CL and improve efficiency. A more real-
istic test bench, immersing only the terminals in the solution, will
prevent interference with cell cultures, following an approach similar
to that used with microelectrode arrays. An acquisition chain will be
developed for high-frequency signals using an LNA with a bandpass
filter for intermodulation acquisition (a lock-in amplifier may be used
in noisy environments). In addition, integrating the external carrier
signal generator and readout circuit into a single chip will greatly help
to minimize the overall system as well. Finally, evaluating the impact
of multiple diodes will pave the way for assessing the effectiveness
and efficiency of a multichannel system. This approach promises
to advance biological signal acquisition, opening the door for more
effective signal acquisition solutions in biomedical research.

IV. CONCLUSION

This letter tested the feasibility of using a Schottky diode immersed
in a solution to convert the low-frequency information of biological

signals to a high-frequency band. Experimental tests revealed the
necessary conditions to ensure a mixer’s behavior of the Schottky
diode, proving the concept. This method could enhance the acquisition
of neural signals by improving the SNR and system reliability, making
it suitable for miniaturized applications like sensor nodes for neural
recording, both in vitro and in vivo.
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