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Abstract 

All technologies have been going through evolution ever since they were 
developed to meet expectations of users and to meet the usability with 

current technologies. This paper discusses the evolution and the concept 
of one such software based emulation technology used for accurate 
emulation of pyroelectric energy harvesters. Over time the emulator 
system has been improved living up to the demand of more advanced 
and flexibility in operation In the course of this evolution several break 
through amendments are made in the design and implementation of the 
emulator system assuring best adaptation to the real world conditions. 
User friendliness has been vastly improved over time and flexibility in 
terms of range of operation is also extended significantly. All these 
evolutions have been necessitated by the fact that applications of 
pyroelectricity are rapidly placing foot holds in numerous fields of science 
and technology playing crucial roles in shaping futuristic technologies it 
is imperative to have an advanced emulator system for pyroelectric 
energy generators. The obstacles and challenges faced and overcame in 
this course of developing the digital emulation system is discussed in the 
paper with explicit comparisons made to illustrate the differences among 
the emulation modules for pyroelectric energy harvesters.                   
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I. INTRODUCTION1 
Energy harvesting from alternate energy 

sources is now a prime area of interest for 

researchers that has turned into national 
priority of many countries. With technical 

advancements in the field of material science 

have increased the efficiency of the devices and 

advent of microcontroller technologies have 

made such applications more propounding. 
Using thermal energy to produce electricity 

have been a lucrative and attention grabbing 

concept which has led to extensive use of 

thermal energy harvesters all around the world. 

The coupled property between the thermal 

properties and the electrical properties of a 
material can be best represented by Heckmann 

diagram as shown in figure-1. The Heckmann 

diagram relates thermal, electrical and 

mechanical properties of a crystal [1].  

                                                           

AUTHORS INFO 

Shuza Binzaid*, Ph.D. 
e-mail: shuza00@yahoo.com 
Address: The University of Texas at San Antonio 
One UTSA Circle, San Antonio, TX 78249 

 

 
Figure 1: Heckmann diagram 

Wasim Hafiz Dipon 
e-mail: diponwasim@gmail.com 
Address: The University of Texas at San Antonio 
One UTSA Circle, San Antonio, TX 78249  

*Corresponding author 
e-mail: shuza00@yahoo.com 
Tel: +1 210-639-2640 



Software based emulator system for pyroelectricity 

2 

 

The outer three corners represent the 

principal effects that are mechanical stress, 

electric field and temperature change. The 
corresponding dynamic properties of the 

material that are strain, dielectric displacement 

and entropy are shown in the three inner 

circles [2]. All these properties of materials are 

interrelated and can be explained using 

thermodynamics law such as for entropy, dS = 
δQ/T. Where the increase in entropy dS is given 

by small transfer of heat δQ divided by common 

temperature T. The following intensive and 

extensive variable pairs are most often used. 

Thermal      Temperature and entropy 
Mechanical             Elastic stress and strain 

Electrical          Electric field and displacement   

Pyroelectric effect is caused by alternating 

temperature change in cyclic fashion imposes 

non-destructive atomic displacement in the 

crystal lattice causing polarization in the 
material and thus resulting rise in potential 

difference of alternating electric field [3]. This 

process of alternating temperature change 

leading to subsequent processes is illustrated 

in figure 2 for a temperature change of ∆T, 
represented by the side between electrical and 

thermal corners of the Heckmann diagram. 

Figure 2: Flow chart of pyroelectric effect. 

The concept of pyroelectricity has been there 

from 314BC but with advancement of 

technology and advent of testing options there 
has been tremendous breakthrough for 

pyroelectric applications and testing. Right 

from simple uses as sensors and detectors the 

application footholds of pyroelectricity span 

into the sophisticated applications of implanted 
medical devices. The advantages of pyroelectric 

materials over semiconductors as sensors and 

detectors have put them in many vital 

monitoring systems.  

Advent of new technologies and applications 

of pyroelectric devices has made imperative to 

realistic and reliable testing setup. Figure 3 
shows a fully functional setup at room 

temperature suitable for pyroelectric material 

testing [4].  

 

Figure 3: Pyroelectric test setup (liquid nitrogen 

cooling not shown) instruments. 

The existing testing platforms are expensive 

and sometimes require complicated setups that 

are extremely difficult and budget constraining 

for most educational institutions and small 
industries as well. In this regard a pyroelectric 

emulator system can benefit for very low cost 

replacement of that test setup shown in figure 

3 and also enables testing outside the lab 

without any radiation or laser application. This 
sort of emulator system enables 

programmability thus extending unlimited 

number of pyroelectric sample material 

properties all in one system without trial and 

error and enormous waste of time and initiated 

costs. The devised emulator system can 
successfully emulate single module or 

collective modules of pyroelectric materials over 

a range of 2µA to 30 µA thus facilitating wide 

range of pragmatic pyroelectric applications to 

be emulated accurately.    

II. RELATED WORKS AND METHODS 

Considering the existing and futuristic potent 

applications of pyroelectric materials and the 

high costs and complicacy involved in setting 
up a testing platform the concept of the analog 

emulator system was derived and implemented 

successfully. The analog system is now 

advanced to smarter, programmable, low power 

usage and fully digital emulator system which 

has eradicated many constraints and added 
more flexibility compare to the emulator 

system. The details and comparisons of these 

systems are made in the following sub sections 

describing the implementation steps 

undertaken to convert the analog system into a 
fully software driven digital system. The digital 
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emulator system is devised retaining all the 

attributes of the analog system and adding 

more advantageous features while converting 
into a fully digital emulator system. Thus the 

digital emulator system is more advanced 

ensuring more reliable result and thus 

assuring more realistic information regarding 

material behaviour under particular condition. 

The digital emulator system is equipped with 
augmented user friendliness, greater range of 

operation, operational flexibility and low power 

usage.  

A. Analog emulator system: Concept and 

Implementation. 

The concept of the analog system was based 

on the objective to bring about a manually 

controlled output signal resembling that of a 

pyroelectric material under a particular 

condition. The equivalent circuit is designed 

with combination of resistor and capacitor 
commonly called as RC circuit with 

electromagnetic relays and provision of manual 

control [5]. The implemented equivalent 

emulator circuit is shown below in figure 4.  

 

Figure 4: Equivalent emulator circuit. 

The operation of the circuit is based on the 

charging and discharging of the capacitor at a 

manually set frequency. The two relays are 
allowing charging and discharging of the 

capacitors through variable resistors R_L and 

R_T respectively. Triggers used to control the 

switching of the circuit and are inversely 

related with each other which can be represent 

by the below mentioned relationship.  

Trigger 2 = Inverse of Trigger 1 

Trigger 1 = 0N  Trigger 2 = OFF 

Trigger 2 = ON  Trigger 1 = OFF 

So, when Trigger 1 is switched ON the inverse 

of it which is OFF gets passed as Trigger 2 and 
vice versa thus they are never simultaneously 

triggered. This switching causes charging and 

discharging at a definite frequency depending 

on the time constant more commonly known as 

RC time constant of a RC circuit. The two 

diodes across the relays are serving to attain 
instantaneous response by rapid discharging of 

charges in the relay coils. The RC time constant 

switching operations of the triggers can be 

represented by the switching and its inverse as 

shown in figure 5. 

 

Figure 5: Triggering signal for the analog 

emulator equivalent circuit. 

The simulation of the equivalent circuit was 
carried out varying all the parameters and 

component values of the designed circuit 

ensuring the output waveform resembles that 

of a pyroelectric material under the set 

condition. Every time the simulation results 
such as the peak voltage, time period, charging 

and discharging times were recorded and 

analysed for fine tuning of the circuit assuring 

that the output signal and corresponding 

values are reliable. A simulation result is 

shown in figure 6. The simulated output signal 
has VPYRO = 0.9V at peak value at a frequency 

of 3Hz for a certain RC combination as shown 

in figure 6.  

 
Figure 6: Simulation output of equivalent 

circuit of the analog emulator system. 

The complete setup of analog emulator 

system is shown in figure 7. The emulator 

module (black box) contains analog knobs and 
it is powered from wall outlet. The pyro electric 

converter (yellow box) is connected to the 

emulator and it is running a wrist watch by the 
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equivalent harvested energy from the 

pyroelectric material.  

 

Figure 7: Analog emulator system setup 
running a wrist watch. 

The output signal waveform is shown in 

figure 8 and can be seen to resemble that of 

pyroelectric materials as per simulated and 

expected from the designed circuit proving 

functionality of the analog circuit. The readings 
obtained from the emulator module which is 

VPYRO =1.2V at peak value at a frequency of 2Hz 

in this case are recorded every time along with 

the corresponding RC combination selected by 

manual selection control of the emulator 
system. 

 

Figure 8: Output signal from the analog 

emulator system. 

B. Software based digital emulator system: 

Concept and implementation 

The advancement towards the software based 

emulator system is carried out based on the 

same objectives and basic concepts utilized for 
implementing the analog emulator system. 

Taking the basic concepts and understanding 

further by incorporating sophisticated and 

advance functionality into the emulator system 

the software based emulator system has been 

designed. Digitization of the system is carried 
out using microcontroller based control for the 

driven equivalent pyroelectric circuit. 

The simulation of the designed pyro 

equivalent circuit is conducted using advanced 

simulation tool and fine tuning of parameters 

and component values are carried out as earlier 

for the emulator system. The results are 
recorded and outputs of the simulation are 

compared every time after changes been made 

in the circuit until the signal resembles that of 

pyroelectric material. Both voltage and current 

waveform of the equivalent circuit obtained 

from the simulation are shown in figure 9. The 
pink line representing the output current 

through the load with peak current of 28µA and 

the current for IPYRO with a certain RC 

combination represented by black line shows a 

peak of 30µA. The frequency of operation is 
accordingly varied with RC time constant which 

is also recorded for each RC combination. 

The microcontroller with a software 

framework is used for switching of the 

equivalent pyro circuit. An ATMega328P based 

microcontroller board has been used for this 
purpose and part of the program coding are 

shown in figure 10. The software framework is 

designed with the objective of user-friendliness, 

enhanced flexibility and augmented testing 

range in operating the emulator system. The 
algorithm for the program carries out sensing 

and component controlling of the pyro 

equivalent circuit and thus the component 

controlling becomes entirely programmable.       

 

Figure 9: Simulation result of digital emulator 

system equivalent circuit. 

The circuit components controlling is based 
on the concept of Hi-Z (High Impedance) state 

logic and ground switching of the components 

connected to the IO pins of the microcontroller 

as per required to depict the condition for 

emulation. The Hi-Z and the ground switching 
are two of the tri-state logic in digital 

electronics allowing the output pins attaining 

states of high impedance and grounded [6]. The 

truth table for negative enable and an arbitrary 

gate of tri-state logic are shown in figure 11. 

The Hi-Z state is shown as “Z” in the truth 
table. 
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Figure 10: Program codes for ATMega328P 

based microcontroller. 

The Boolean expression for the mentioned logic 
gate function can be represented as shown 

below. When Output = Hi-Z, the output is 

effectively removed from the circuit thus 

assuring not effecting the circuit operation 

anyhow.  

Output = Input X Enable 

Input = A Enable = B 

Boolean expression F = A.B 

Output = Input at  Enable = 0 

Output = Hi-Z  at  Enable = 1 

As stated earlier the equivalent circuit is 

digitally driven from the microcontroller which 
is powered by USB power source from the 

laptop. The component controlling of the 

equivalent circuit being programmable exhibits 

increased range of conditions of emulation. The 

easiness achieved in component switching by 
allowing least parameter changes in the codes 

has added great flexibility to the emulator 

system. 

 
Figure 11: Tri-state truth table and gate 

design. 

Simplicity of the program provides liberty to 

the user for carrying out various conditional 

emulations, and therefore, widens emulation of 

pyroelectric materials for various applications. 

The frequency of the clock and hence the timing 
of the switching is now entirely controlled by 

the microcontroller and fully programmable. 

Thus by varying the switching components 

varies the time constant of the charging and 

discharging of the capacitors. 

The system is devised so that digitally driven 
output signal resembles the analog output 

signal. This is achieved by the similar concept 

of capacitors charging and discharging through 

resistors where capacitors and resistors are no 

more manually selected rather programmable 
assuring more accuracy and hence more 

reliability of the output signal values. The clock 

signal used for the digital emulator system is 

shown in figure 12 and can be represented by 

the simple expression given below using a NOT 

logic gate. 

CLOCK = not (CLOCK) 

 
Figure 12: Clock and Clock signal for digital 

equivalent circuit. 

The oscilloscope used for the digital emulator 
system is a pocket sized easily portable 

oscilloscope. The digital emulator system setup 

is shown in figure 13 consisting of a laptop for 

running the program, the digital circuit 

comprising of the microcontroller and the 

pocket sized oscilloscope for signal display. 

 

Figure 13: Software based digital emulator 

system setup. 
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III. RESULTS AND DISCUSSION  

The evolution of the emulator system from the 
analog to software based digital form has been 

successfully completed with all the attributes 

and features incorporated are fully functional. 

The objectives considered while transforming 

the analog emulator system into digital 

emulation are all achieved. The features 
incorporated into the digital system compare to 

the analog system are low power usage, fully 

programmable, enhanced user friendliness of 

operation, augmented reliability of the output 

and widen range of emulation. 
The current “iP” from the pyroelectric element 

can be represented as shown in (1). The net 

charge “Q” developed from pyroelectric material 
due to temperature change of ΔT can be derived 

integrating the equation of current and is 

represented as shown in (2) [7-8].  

Ip (t) = 
dq

dt
=pA

dt

dt
 … … … … … … … … … (1)  

Q =∫(pAdT/dt) dt = pAΔT … … … … … (2) 

Where ‘p’ is the pyroelectric coefficient and ‘A’ 
is the surface area. The pyroelectric material is 

of dielectric in nature and hence the energy 

from the pyroelectric material as represented in 

(3) resembles that for the energy stored in the 

capacitor of the pyro equivalent circuit [9]. 

Thus the energy stored in capacitor gives the 
energy the pyro material can generate under 

that particular loading condition. The energy 

stored in the capacitor “C” charged to the 

voltage “V” is represented by (4) [8-10]. 

EPYRO = 
1

2
 

p2

∈33
σ Ah (ΔT)2 … … … … … … … (3)   

ECAPACITOR = 
𝟏

𝟐
∑ Ck

n=1 𝑛 𝑉(𝐶𝑛)2 … … … … (4) 

Since, varying the resistor and the capacitor 

vary the energy stored and time constant as 
well it is indispensable to infer the relation 

between time constant (τ) and energy stored in 

the capacitor. This relationship is provided for 

few sample emulation cases in Table I. 

TABLE I: Total energy from the pyroelectric emulator 
system at certain program setup for few selections 
from hundreds of possible selections. 

RC Time 

Constant, τ 

(milliseconds) 

Total energy 

available from 

pyroelectric 

emulator 

(micro-Joules) 

Stored energy 

available for 

external load 

(micro- Joules) 

130 36.5 35.5 

42 8.2 8.1 

16 1.63 1.61 

  

 

Figure 14: Plot of stored energy and energy 

available to load with respect to time constant. 

The bar graph from the corresponding values 

obtained from TABLE I is plotted as shown in 

figure 14 illustrating the percentage of total 
energy available from the emulator available to 

the external load. The percentage values 

exhibits high energy efficiency of the emulator 

system over a wide range of time constant. This 

high energy efficiency adds a very 

advantageous feature to the emulator system in 
precisely estimating the energy available from 

emulating a particular condition.     

The attributes of the analog system and the 

evolved software based digital system are 

compared in Table II. It is evident that the 
digital system has been significantly improved 

in many ways compare to the analog system 

and meets up the expectations considered from 

the technological evolution from the analog 

system to the software based digital system. 

TABLE II: Comparison of features comprising analog 
and software based digital emulator system.  

Attributes Analog 

System 

Digital 

System 

Control Knobs Programmable 

Operating 

Voltage 

120V AC 5DC 

Power Source Wall outlet USB of Laptop 

Operating 

Current  

160-200mA 70-90mA 

User-

friendliness 

Limited Much 

enhanced 

Range of 

selections for 
emulation 

Limited Few hundreds 

of selections 
possible 

Accuracy  Sufficient Enhanced 

reliability 
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IV. CONCLUSIONS 

The advancement in the emulator system will 
bring drastic improvements and breakthroughs 

in working with pyroelectric materials, thus 

extending the areas of applications. The digital 

system with all the newly equipped 

advancements will be pivotal in enhancing 

existing applications of pyroelectric materials 
and in cultivating futuristic applications and 

implementations. The power consumption of 

the software based emulator is half the power 

consumption of analog emulator module and 

providing far more reliability. Also, the 
emulator system facilitates assuring rapid and 

wide range of emulation to be carried out with 

great feasibility and user-friendliness. This 

emulator system will be of great help for 

research on pyroelectric materials in 

developing futuristic detectors, sensors and 
energy harvesters. The emulator system can 

also play a significant role in demonstrating 

pyroelectricity phenomena and their variability 

to learners for better construe of the 

pyroelectric effect. 

The software based digital system can be 

further improved by incorporating rechargeable 

options for power source, compactness and full 

portability in near future. Also, the system 

being very energy efficient, rechargeable power 

source will last for a long period of time. This 
will enable uninterrupted functioning of the 

emulator system where recharging options are 

unavailable. 
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