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Abstract. The work is devoted to the problem of frequency-selective signal conversion in microelectronic sensor devices. It has 
been shown that the signal path of such devices, in particular, sensor nodes in the concept of the Internet of Things, must meet the 
requirements of embedded systems using a mixed analog-digital front end. The analysis of the signal transformation of photovoltaic 
sensors, in particular the problem of a significant parasitic influence of extraneous non-informative optical radiation and electromagnetic 
interference, has been carried out. SPICE models of photovoltaic sensor signal circuits providing frequency selection on bandwidth filters 
have been synthesized. The main approaches of hardware-software implementation of the built-in system of frequency selection with the 
mixed-signal transformation are considered. The signal path of the embedded system includes a gyrator, a software-controlled amplifier, a 
synchronous demodulator, an analog-to-digital converter, and a digital filter. The implementation is carried out on the platform of the 
programmable system on a PSoC chip. The integrated circuits of the PSoC 5 LP Family Cypress Semiconductor Corporation are used 
with a wide range of programmable analog front-end nodes, in particular operating amplifiers, comparators, units on switching capacitors, 
reference voltage sources on the principle of the forbidden zone, analog multiplexers, signal synthesizers, etc. The efficiency of the mixed 
analog and digital signal conversion is shown. 

Key words: Signal Processing, Frequency Selection, Programmable System on Chip, Sensor Nodes Front-End, Optical 
Sensors in IoT concept. 
 

1. Introduction 

Electronic means of information and computer 
technologies are currently one of the most dominant 
engines of technical development in modern society. In 
addition to the traditionally electronic branches of 
technology – radio, telecommunications, information 
and measurement, computer technology, etc., electronics 
and devices based on them have become important tools 
for the development of industry, biology, medicine, 
ecology, etc. The implementation of modern electronic 
devices in these areas is based on the concept of 
embedded systems 

Sensors, actuators, and signal transducers are the 
basis of electronics interaction with the physical world 
and have been named Analog Front-end (AFE) [2]. The 
combination of analog front-end nodes and digital signal 
processing is demonstrated in publications on the 
implementation of Mixed-Signal Embedded System [3] 
and Heterogeneous Embedded Systems [4] of signal 
transformation. The urgency of the problem of deve-
loping and using such embedded systems is due to the 
modern concept of the Internet of Things IoT [5]. 

Examples of analog and mixed IoT front-end are 
built-in capacitive accelerometer systems (Capacitive 
MEMS Accelerometer Analog Front-End for Ultra-Low-
Power IoT Applications) [6] and underwater sensor 
networks (Analog-to-Digital Acquisition Channel for an 

IoT Water Management Sensor Node) [7]. Emphasis is 
placed on the relevance of the low-power low-noise 
inductorless front-end for IoT applications [8]. 

Following modern trends in the development of 
embedded systems of mixed-signal conversion, this 
article deals with the approaches of hardware-software 
realization of the signal tract of sensor devices with a 
high level of frequency selection. The signal path is 
implemented on the platform of the programmable 
system on the PSoC (Programmable System on Chip) [9] 
with the API control. The efficiency of the combination 
of analog and digital signal conversion is shown. The 
basis of the analog path is a gyrator [10], non-inductive 
frequency-selective trans-impedance (TIA – Trans-Im-
pedance Amplifier) conversion [11], and a digital path – 
a bandpass filter of FIR (Finite Impulse Response) type. 
Also, the signal path includes a software-controlled am-
plifier PGA (Programmable Gain Amplifier), a 
synchronous demodulator based on a multifunction 
mixer MIX, a delta-sigma Analog-to-Digital Converter, 
and a serial UART interface that provides its high 
versatility in various embedded front-end systems of 
microelectronic IoT sensors. 

The object of research of this work will be 
demonstrated on the example of the construction of 
functionally integrated photovoltaic sensor nodes of the 
info-communication system of the WSN (Wireless 
Sensor Network) in the concept of Data Fusion. Other 
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related terms of this concept are Sensor Data Fusion, or 
in a shorter form, Sensor Fusion [12]. Such sensor 
devices and info-communication systems based on them 
are defined by the concepts of Smart Sensors [13] and 
Lab-on-Chip [14] with telecommunications per wireless 
optical communication technologies: OWC – Optical Wi-
reless Communications, FSO – Free Space Optical com-
munication, VLC – Visible Light Communication [15]. 

2. Formulation of the problem 

The informative value of photovoltaic sensors is 
the color (optical absorption spectrum) of the active 
medium (analyte, in particular, in the form of a thin-film 
chemically active structure) that interacts with the 
investigated components (impurities, contaminants, etc.) 
in the atmosphere, solutions or surfaces. For this pur-
pose, the transmitter generates sequences of pulses the 
luminous flux of different spectrums. The receiver recei-
ves and converts these luminous fluxes into control 
signals, supplies energy and spectral components of the 
optoelectronic sensor signal. 

The main problem of photovoltaic sensors is the 
significant parasitic effect of extraneous (non-infor-
mative) optical radiation and electromagnetic interfe-
rence. Thus, the intensity of radiation of extraneous light 
sources (sun, light bulbs, etc.) in hundreds or even 
thousands, times exceeds the useful component of the 
optical signal change from the active medium, the 
spectral characteristic of which carries information about 
the investigated chemical or biochemical substance. A 
typical solution to the above problem by dimming 
extraneous light sources contradicts the requirement for 
the openness of the active medium, which involves the  

effective interaction of this medium with its surro-
undings. It is inefficient to solve the problem of optical 
filters. First, the efficiency of spectral selection of optical 
filters is not high, and secondly, the use of such filters 
limits the informativeness of the useful signal. The para-
sitic effect of electromagnetic interference is primarily 
due to the radiation of the power grid with a frequency 
of 50 Hz. The intensity of such radiation is typically 
significant, and the shielding of the optoelectronic pair 
of the sensor device contradicts the same requirement for 
its openness. 

The parasitic influence of external optical radia-
tion and electromagnetic interference is particularly 
evident in optoelectronic sensor devices on photodiode 
transducers. The informative signal of such converters is 
a photocurrent, that is, the latter implements a measuring 
circuit with the current output. 

The difference between signal converters with 
current and voltage output will be considered on the 
example of bandpass filters. For this purpose, we 
synthesize SPICE models of elementary signal circuits 
of frequency selection on passive bandpass filters (Fig. 
1, left), where C1, R1, and C2, R2 are upper-frequency 
filters, and C3, R4, and C4, R5 is lower-frequency 
filters. The signal model of the primary converter of the 
potentiometric type is represented by the voltage source 
V1. To implement the model of the primary converter 
with current output, the functional component of the 
controllable current source G1 (I of V dependent source), 
the initial circle of which is shunted by the resistor RG, is 
used. This resistor (in the given example – RG = 1E5 Ohm) 
in the current output converter model represents its output 
resistance (for the ideal current overpower (RG → ∞) 

 

 

Fig. 1. Comparison of frequency response (top) and phase response (bottom) circuits of frequency-selective converters (left)  
with potentiometric (V (5)) and current (V (6)) output at: RG = 1E4 (1), 1E5 (2), 1E6 (3), 1E7 (4) 
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To compare the filtering process of the signals of 
both types of converters in the normalized form and 
taking into account the filter input impedance (in 
particular, taking into account the resistance of their 
resistors R1 = R2 = R3 = R4 = 1E3 Ohm), the voltage 
conversion coefficient – the current of the G1 transducer 
is KG = 1E3 A/V. The output signal of the bandpass filter 
of the potentiometric converter is represented by the 
voltage V (5), and the converter with current output is 
represented by the voltage V (6). 

The results of comparative model studies of 
frequency response and phase-response characteristics of 
these filters are presented (Fig. 1, to the right) by 
transmission coefficients dB(V(5)), dB(V(6)) in dB, and 
phase delays ph(V(5)), ph(V(6)) in degrees. 
Investigations were conducted on the set of values of the 
output resistance of the converter with current output RG 
= 1E4 (1), 1E5 (2), 1E6 (3), 1E7 (4)). 

The solution to this problem is based on the use in 
the signal circuit of measuring converters with current 
output the specialized filters on gyrators – functional 
circuit nodes of reactive impedance conversion, 
synthesizing reactive load of inductive type using only 
capacitive components. A modern representative of 
specialized signal transducers of optical sensors based on 
gyrators is the integrated circuit E909.07 
(Transimpedance amplifier with high sensitivity) [16]. 

However, the use of such specialized integrated 
circuits in microelectronic sensors, in particular the IoT 
concept, increases their size and energy consumption and 
is undesirable. Thus, the solution to the problem of 
further development of photovoltaic microelectronic 
sensors involves the development of integrated signal 
transformation systems with single-chip integration of all 
components of their front end. 

3. The goal of the work 

The purpose of the work is the structural 
synthesis, circuit implementation, and research of the 
parameters of the hardware-software embedded system 
of photovoltaic microelectronic sensors, ensuring effi-
cient frequency selection of the signal using single-chip 
systems on the crystal.  

4. Block diagram and operation  
of the signal path 

Following the above requirements, the signal path 
of the embedded system of photovoltaic microelectronic 
sensors is implemented on the platform of the embedded 
programmable system on the PSoC 5 LP with a wide 
range of software-controlled  AFE nodes, comparators, 
blocks on switching capacitors, reference voltage 
sources on the principle of the forbidden zone, analog 
multiplexers, signal synthesizers, etc. 

The main components of the signal path (Fig. 2) 
of the developed embedded PSoC system are the ZX that 
is the primary converter of the sensor device, in 
particular, the photodiode; GAF (analog front-end based 
on the gyrator scheme); PGA amplifier with program-
mable gain KV; SD that is the detector based on 
synchronous demodulator with control of synchronizing 
pulses CP; Sigma-Delta ADC; DMA; DF (the digital 
bandpass filter). The output digital signal DOUT is trans-
mitted using a wired or wireless interface. The control 
modes of the signal path nodes are controlled by the API 
commands. 

The scheme of the gyrator is implemented on the 
operational amplifier operating in the mode of the 
voltage follower, and passive components – R1, R2, C1. 
The capacitor C2 is auxiliary and used only if the 
selection coefficient is further increased. The functioning 
of this scheme is described by a system of equations of a 
functional connection between the vectors of currents I 
 , voltages U  , and complex resistances, the indices of 
the symbols of which are determined by the symbols of 
the components in Fig 2: 
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To approximate the frequency dependency of the 

input impedance ZIN by replacing current and voltage 
vectors with their modular values U U⇒& , I I⇒& , 
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After corresponding transformations of these 
expressions, we receive 
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This calculation does not take into account the 
phase shift of the vectors of voltage and current. It 
represents only the first approximation, so it is still 
possible to identify certain patterns of frequency 
dependence of the input impedance ZIN. In particular, at 
low frequencies (ω→0) the input impedance approaches 
ZIN → R2. Instead, at high frequencies (ω→∞) takes 
place ZIN →R1.  

Thus, changing the ratio between the resistors R1 
and R2 is possible to synthesize the impedance both 
capacitive (R1 / R2 < 1), and inductive (R1 / R2 > 1) 
character. In particular, with increasing frequency at 
R1 / R2 = 104 we obtain the raising an impedance, in dB:  

KZIN (dB) = KZIN (ω→∞) / KZIN (ω→0) =  
= 20 log (104) = 80 dB. 
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Examples of SPICE model studies of the 
parameters of the considered gyrator scheme, which 
confirm the above calculations and give more accurate 
data taking into account the phase characteristics of the 
signal path, are shown in Fig. 3. The model of the Pri-

mary transducer GPHD is represented by the input 
voltage source VIN, voltage-current converter V-> I, and 
diode D1, the parameters of which characterize the cor-
responding characteristics of the photodiode. The vol-
tage repeater is represented by the circuit component X1. 

 

 

Fig. 2. Block diagram of the signal path 

 

Fig.3. Frequency response (top) and phase response (bottom) of gyrator circuit at  
R1 = [1E5 (1), 1E6 (2), 1E7 (3)] Ohm 

 
The results of model research of frequency 

response and phase response of the signal circuit are 
represented (Fig. 3, right) by voltage conversion 
coefficients dB (V (2)) in dB and phase delays ph (V (2)) 
in degrees. These coefficients characterize the effect of 
increasing the impedance of the gyrator in node 2 in the 
frequency selection of the informative signal. Researches 
were performed to set the resistance values of the 
resistor R1 = [1E5 (1), 1E6 (2), 1E7 (3)] Ohm. It can be 
seen that the considered scheme of the gyrator provides 
the possibility of high-frequency signal selection in 
circuits with the current output of the primary converter. 
Thus, at R1 = 1E6 Ohm the selection coefficient is KZIN≈ 
80 dB, and at R1 = 1E6 Ohm – KZIN≈ 100 dB. The 
frequency band of the signal selection is determined by 
the RC parameters of the gyrator circuit, the parasitic 
capacitance of the primary converter (in this case – the 
diode D1 structure of the photodiode), and the frequency 
response of the operational amplifier in the mode of 
voltage repeater (in this case – component X1). Further 

increase of frequency selection is provided by stages of 
synchronous detection of a signal and its digital filtering. 

5. Implementation and parameters  
of hardware-software embedded system 

The signal path of the built-in programmable sensor 
photovoltaic device system is implemented on the 
components of the PSoC 5 LP (Fig. 4). It includes the 
considered above gyrator on the operational amplifier 
Opamp_1, two cascades on programmable amplifiers 
PGA_1 and PGA_2, a signal generator on a digital-
analog converter WaveDAC8_1 (8-bit Waveform 
Generator), the synchronous detector on the mixer 
Mixer_1, ADC_DelSig_1 with DMA_1 data recording 
in RAM, software-controlled digital filter Filter_1, Vref  
Reference Voltage (Vdda/2) Generator, serial asynch-
ronous interface UART  and some other components. 
These are, in particular, auxiliary nodes of the signal 
shaper – timer Timer_1, controlling register Control_ 
Rg_1, frequency divider FreqDiv_1, etc. 
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Fig. 4. The scheme of the signal path on the PSoC components  

 

Fig. 5. Software control window of the digital filter and its frequency response 

Most of the components of the embedded system 
provide the ability to control the operation modes 
programmatically. In particular, Fig. 5 shows the 
software control window of a digital filter, the operating 
modes and frequency response of which are controlled 
by parameters such as filter class, filter type, the number 
of conversion stages Filter stage, Filter gain, the central 
frequency of the filter band Center (kHz) and bandwidth 
Bandwidth (kHz). Depending on these parameters and 
measurement modes, the signal selection factor is within 
the range of 40 … 80 dB. 

The layout of the developed embedded system of 
signal frequency selection on PSoC and windows of the 
control of the operating mode software are presented in 
Fig. 6. The interface of the measurement modes control 
software provides a possibility of a choice the frequency 
and the form of the giving signal, gain, filtering 
parameters, interface parameters, etc. The measurement 
results are visualized in two graphical windows Data 
Graph 1 and Data Graph 2. 

The main parameters of the developed embedded 
frequency selection system are the supply voltage 5 V; 
the supply current – no more than 20 mA; the frequency 
band – from 1 Hz to 100 kHz; the shape of the master 

signal – rectangular, sun-shaped, triangular; the signal 
amplification factor – from 1 to 10000; the useful signal 
selection factor – up to 140 dB. 

 

 

Fig. 6. The layout of the embedded system on PSoC and 
software windows  

6. Conclusions  

The problems of signal conversion of photo-
voltaic sensors are disclosed, in particular, the significant 
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influence of parasitic influence of extraneous non-infor-
mative optical radiation and electromagnetic interfe-
rence. It is shown that the signal path of sensor devices 
must meet the requirements of embedded systems using 
a mixed analog-digital front-end as also to be based on 
gyrators – functional circuit nodes of reactive impedance 
conversion, synthesizing reactive load of inductive type 
using exceptionally the capacitive components. 

The synthesis of SPICE models and the analysis 
of the parameters of the signal circuits of photovoltaic 
sensors providing the frequency selection on bandpass 
filters are performed. The signal path is implemented on 
a programmable system platform on a PSoC crystal 5 LP 
with a wide range of software-controlled analog front-
end.  

In addition to photovoltaic sensors, the presented 
system has been tested in several of our developments of 
information-measuring devices, in particular, in devices of 
spatial tracking on magnetic coils [17, 18]; impedance 
measuring transducers [19]; thermal analysis devices [20]. 
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