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Abstract: The quality of measurements of non-electrical quantities not only depends on the sensor
but also on the electronic system that is used for the conversion of the electrical signals to a digital
form. Many research papers on the subject analyse the properties and characteristics of the sensors in
detail but omit the properties of the instruments that are used to measure the characteristics. This
paper concentrates on the problems concerning the design of an instrument for generating control
signals and measuring the output signals of a semiconductor sensor. The measurement instrument
is designed for a commercial heat flow microcalorimeter that is able to measure heat flows at the
level of several pW. The novelty of this paper is the analysis of some of the undocumented properties
of the sensor and the interactions between its components. The design of the instrument makes it
possible to correctly measure the output signals of a microcalorimeter without the influence of the
described effects. The added value of this paper is a detailed analysis of the resolution of the system
and the factors that may affect it. The remarks contained in the paper can be useful for designers of
other instruments that are designed for measuring non-electrical quantities.

Keywords: data acquisition system; semiconductor microcalorimetry; precision signal measurement;
thermocouple; galvanic isolation; non-electrical quantities

1. Introduction

Most of the quantities that are measured in science and industry are non-electrical and, most often,
they are converted into electrical quantities using specialised sensors and electronic devices. In the
literature, one can find many examples from medicine [1], analyses of drive failures [2], audio signal
processing [3], vibration analyses [4,5], noise reduction [6,7], astronomical aspects [8,9], frequency
measurement [10] and many more. A very important issue when measuring non-electrical quantities
is the method of data acquisition. For a chosen method and given process, a dedicated measurement
device is designed, which is often integrated with the control equipment (a so-called measurement and
control device) [11]. Often in the literature, no detailed aspects of the construction of acquisition devices
are discussed, although the results that are obtained using these measuring devices are analysed. Insuch
cases, it is assumed that the designed system for data acquisition did not introduce any additional
distortions in the results obtained or that any distortions can be neglected. The possible negative
impact of a measurement device on the analysed results (e.g., drift or oscillations) is rarely considered.

The heat that is generated or absorbed in chemical or biochemical reactions is an example of
a non-electrical quantity that has to be measured in specific applications. The device that enables
such measurements to be performed is called a calorimeter or microcalorimeter (in cases in which
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the size of the sample can be reduced to a volume of a few nanoliters to several microliters). These
smaller samples can be analysed quickly (they can be warmed up or cooled down quickly) and their
analysis is cheaper and faster. As a result, microcalorimeters are of great importance in biomedical
applications [12,13], in analyses of chemical or biological processes [12,14-16] and in determining
the thermal properties of various substances [17-19]. On the other hand, when the test samples are
very small, the microcalorimeter must be very sensitive, which, in turn, results in an increase in the
interference (e.g., thermal or electrical) from the environment that is not observable for conventional
(i.e., large in mass compared to the test sample) calorimeters. Therefore, a measuring system that is
dedicated to a microcalorimeter must be designed properly.

Among the different types of calorimeters, attention should be paid to heat flow calorimeters,
which enable the heat of reaction to be measured, for example, heat that is generated in exothermic
chemical reactions. In this type of calorimeter, three basic elements can be distinguished (Figure 1):
a reaction chamber (an area where the heat is released or absorbed), an environment (usually at
a constant temperature) and a conductor (between the reaction chamber and the environment).
The conductor is equipped with a sensor for measuring the difference in temperature between the
environment and the reaction chamber.
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Figure 1. Scheme (a) and a photograph (b) of a XEN-NCM 9924 microcalorimeter [20].

Heat flow microcalorimeters are designed in the form of IC-calorimeters (or chip calorimeters), for
which the main element is a silicon membrane with a small thermal capacity. The drop of the liquid
sample that is to be analysed is placed in the central part of the membrane (Figure 1a). The membrane
is connected to the rim, which has two functions: it supports the microcalorimeter system mechanically
and works as a heat sink for the heat that is generated in the central area of the membrane. The
difference in temperature that arises between the central area of the membrane and the rim is most
often measured by a thermopile (a series of connected semiconductor thermocouples), which is an
integral part of the membrane. The output signal of the thermopile is the voltage that arises as a result
of the difference in temperature between the cold (rim) and hot (centre of the membrane) ends of
the thermocouples. This difference is proportional to the heat flow that is measured. In most cases,
microcalorimeters have additional heaters with a known resistance, which are embedded in the central
area of the membrane. The heaters can be used to calibrate the system or to supply energy to the sample.
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However, in case of a lack of galvanic isolation between the heaters and the thermopile, interactions
may occur between these elements, which makes designing the measurement system more difficult.

Currently, some commercial heat flow microcalorimeters are available on the market [20]. These
calorimeters have an advantage over traditional measurement systems, because all of the required
electronics and equipment (including sensors) can be integrated in a portable package. For these
calorimeters, it is necessary to design a dedicated measurement system that enables small heat flows
(at the level of several mW) to be measured, while at the same time reducing the effects of any thermal
or electrical interference, which is the major goal of this paper. The novelty presented in the article
is the design (concept and implementation) and accurate analysis of a measurement system that is
dedicated to heat flow microcalorimeters. An additional novelty is the proposals of design rules that
should be considered during development of a measurement system that is dedicated to measure small
non-electrical values. The paper is organised as follows. The next section presents the application of
microcalorimeters with an emphasis on data acquisition systems and Section 3 describes a commercially
available heat flow microcalorimeter. The design of a control and measurement system is presented in
Section 4, while details of the dedicated metrological properties are given in Section 5. In Section 6,
the authors present an example of the measurements and Section 7 presents the conclusions.

2. Overview of Measurement Systems Designed for Microcalorimeters

In the literature, one can find various applications of commercial heat flow calorimeters. In each
case, the main issue is the design and implementation of a measurement and control system. In [21],
the authors developed a measurement system that is dedicated to an XEN-NCM9924 microcalorimeter
(Xensor Integration, Delfgauw, Netherlands), which obtained a noise of 5 1V for the 15 Hz measurement
sampling frequency. The measurement system was equipped with a 24-bit analogue to digital
converter (ADC), which provided a potentially very good resolution of the measurements. The
authors also created dedicated software in LabVIEW, which was used for the data acquisition. The
same type of microcalorimeter was used to measure the heat that was generated by chemical and
biological reactions in [22]. The proposed measurement and control system included an additional
proportional-integral-derivative (PID) controller that is designed for temperature stabilisation at the
level of £1 mK of the chip holder. However, advanced control algorithms might be more effective
for this purpose [23]. The measurement and control system ensured the flexibility and simplicity of
using a microcalorimeter, but very few details on its design were given. The possibility of using the
measurement platform was tested by measuring the heat generated during mixing of propyl alcohol
with deionized water at concentrations that ranged from 0% to 69% for the propyl alcohol. In turn,
in [24], the authors determined the power sensitivity of 2.7 V/W and a heat detection limit of 70
nW for their measurement and control system, which was dedicated to heat flow microcalorimeters.
A drawback of the presented solution is that this measurement system is not portable and cannot be
used in a broad range of conditions. The article [25] presents the potential of microcalorimetry in the
analysis of enzymatic reactions and microbial growth processes. The authors pointed out that the
thermo-physical properties of the thermal power detectors of microcalorimeters are better suited for
fast reactions and very small samples. These properties make it possible to perform measurements
online, which was experimentally demonstrated for a commercial microcalorimeter. In [26], the
authors focused on designing an algorithm that automates the search for the best operating point of a
biological system. The paper describes the possibility of using a microreactor with a microcalorimeter
to design, optimise and control a biotechnological process. The thermal effects that accompanied the
biotechnological processes were measured using an XEN-NCM9924 microcalorimeter. The acquisition
and storage of data was performed with LabVIEW (National Instruments, Austin, TX, USA) with the
sample rate up to 10 Hz. The application of two different commercial microcalorimeters to analyse
the chemical reactions was presented in [27]. The authors pointed out that the main problem during
measurements is to reduce the uncertainty of the results that are obtained due to several factors. The
aspects mentioned are the heat losses that occur at high temperatures, the dependence of the sensitivity
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on the temperature of the heaters and sensors, changes in the sensitivity due to changes in the intensity
of the substance flow rate and losses in a mass sample due to evaporation. The authors did not present
or analyse the control and measurement system that was used in their research. They also did not
specify the sensitivity level of their measurement system. In [28], the authors proposed measurement
methods for measuring temperature, thermal conductivity and the diffusivity of different liquids (e.g.,
water, alcohols) using a microcalorimeter. However, the measurement system was not presented and
the accuracy of the measurements was not analysed. Another type of microcalorimeter that is available
on the commercial market is a dual membrane microcalorimeter, which is dedicated for fast differential
scanning calorimetry (DSC) [29]. The thin silicon nitride membranes permit scanning rates up to
10 kK/s when heating and up to 4 kK/s when cooling low mass samples (100 ng to 10 pug) in temperatures
ranging from —100 °C to 450 °C. The power resolution in this application is usually between 0.1 uW
and 0.5 uW. The authors also considered using a commercial XEN-NCM9924 microcalorimeter, but
they pointed out that the accuracy of the temperature measurement on the thermopile is limited due to
the comparable thermal resistance of the membrane and thermal resistance between the rim and the
surrounding area (both about 50 K/W). In this case, the data acquisition system that was used was also
not analysed. In [30], the authors proposed a method for reducing noise and improving the thermal
response of a calorimetric biosensor system in order to determine the enzyme activity. They used the
moving average filter to effectively reduce the noise signal from 30 mV to 0.2 mV. Moreover, different
flow rates of the liquid samples were tested in order to determine the influence of the flow rate on the
thermal response of the system. Because the flow rate varied between 0.1-0.5 mL/min, the temperature
sensitivity of the calorimetric system also varied (between 0.8 mV/K and 1.184 mV/K). Then, the
biosensor was successfully used to detect an enzyme inhibitor at the level of 0.01 mg/L. In this case, the
authors used only one measurement sampling frequency-15 Hz. In paper [31], there is an overview of
the research projects that were carried out by the Xensor team using commercial microcalorimeters.
Neither the design of the measurement system nor the accuracy of the measurements were analysed in
the work. In [32], various models of microcalorimeters were described for the research and experiments
that were carried out using a commercial heat flow XEN-NCM9924 microcalorimeter. The possibilities
for using the sensors in industrial applications were discussed, but again, details concerning the
construction of the electronic measurement system were not given. More different types of calorimeters
and microcalorimeters and their applications can be found in [33]. However, regarding measurement
and control systems, the design best practices are not discussed, which is particularly important in the
case of the sensitive microcalorimeters for test samples that are very small in volume. Finally, more
recent applications of microcalorimetric devices can be found in [34-36].

3. Construction and Properties of a XEN-NCM9924 Microcalorimeter

The XEN-NCM9924 sensor is one of the microcalorimeters offered by Xensor Integration Company.
The element is fabricated in a ceramic PGA68 housing (Figure 1b). The silicon membrane is 8.3 X 8.3 mm
in size and 2245 pm thick. The bottom side of the membrane contains a stack of 160 Al-Si thermocouples
that are called the thermopile and its sensitivity is approximately 50 mV/K. The thermopile enables
the difference in temperature between the centre of the membrane and the rim (cold junction) to be
measured. The membrane also contains two aluminium resistive heaters (with 280 () and 825 )
resistances), which are dielectrically isolated from the silicon layer. The third semiconductor heater (with
a 450 () resistance) is isolated from the substrate only with reverse-biased pn junctions. The absolute
temperature of the cold junctions can be measured using a diode that is located outside the heating
area. The basic parameters of an XEN-NCN9924 are presented in Table 1. A cross-section of the
XEN-NCM9924 sensor is shown in Figure 2.

3.1. Undocumented Properties of the XEN-NCM9924 Microcalorimeter Interactions between the Elements

A preliminary analysis of the microcalorimeter revealed changes in the voltages that were
measured in the thermocouple and in the diode. These changes were not caused by changes in the



Electronics 2019, 8, 1147 5 of 23

temperature but resulted from the incorrect control of the other elements that are embedded in the
membrane structure. The following interactions were observed:

o the influence of the heating resistors on the thermopile common mode voltage;

e the influence of the diode current on the thermopile voltage;

e the influence of the heating resistors on diode voltage.

Table 1. The basic parameters of an XEN-NCM9924 microcalorimeter [20].

Property Value
membrane size 8.3 x 8.3 mm?
membrane thickness 22 um
power sensitivity in air at 1013 mbar 1.2-2.4 V/W
thermopile resistance 50 kO
thermopile temperature sensitivity 50 mV/K
heater resistance (R1-R3) 0.25 k) (measured 0.278-0.281 kQ)
heater resistance (R1-R2) 1 kQ) (measured 0.824-0.826 k()

semiconductor heater resistance 0.44 kQ) (measured 0.448-0.451 kQ))

Heat of Vaporization

Convection

o <Londuction
n-epilayer = Comm gn
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Figure 2. Cross-section of an XEN-NCM9924 microcalorimeter.
3.1.1. Interactions between the Heating Resistors and the Thermopile

According to the technical documentation [20], the sensitivity of the thermopile is approximately
50 mV/°C. In typical applications, the membrane is heated up to 2 °C with respect to ambient
temperature, which means that the thermoelectric voltage does not exceed 100 mV. The thermocouple
internal resistance is 50 k(). Measuring the thermocouple voltage requires the use of a high input
impedance acquisition system working in the differential mode. It has been observed that the
measurement results are incorrect when a voltage measuring system with a grounded reference
terminal is used. In measurement systems with a differential input, the range of acceptable common
mode voltages must always be considered. It was observed that in the XEN-NCM9924 system, the
common mode voltage around which the differential signal from the thermopile changes is close to the
higher level of the potentials that supply the heater, regardless of the direction of the current that is
flowing through the heating element. An equivalent diagram modelling the observed effect is shown
schematically in Figure 3.

Because the heater and the thermopile are embedded in one silicone structure, parasitic pn
junctions are formed (represented by the Dp symbols in Figure 3). A junction that is connected to the
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higher potential of the heater is forward-biased and enforces a certain common mode potential on the
thermopile. The resistor R, represents the leakage resistance between the heater and the thermopile.
Attaching any of the thermopile terminals to the ground would cause a current flow through the
resistances R, and Ry,/2 and a distortion in the voltage measured on the thermopile.

Dp
>
Vh+
Vh- Rh Dp

>

Figure 3. A model of the interaction between the heater and the thermopile. The symbols that are used
in the figure denote: Vj,, is the higher potential of the heater, V,_ is the lower potential of the heater, Rj,
is the heater resistance, Dp represents the parasitic pn junctions between the heater and the bulk, R, is
the leakage resistance between the heater and the thermopile, T} is the thermopile, Ry, is the internal
resistance of the thermopile and Uy, is the thermopile voltage.

The design of the power supply system for the heater and the thermopile voltage measurement
must take into account the interactions that are described above. The idea of the proposed power
supply system for the heater is shown in Figure 4.

Dp

o >

Vbac . Dp

Figure 4. The idea of a control system for the power supply for the heater, where V, is the reference
voltage, Vpyc is the digital to analogue converter output voltage and BUF is the voltage follower.

For Vpac =0, the voltage at both terminals of the heater is equal to reference voltage Vrrr. This
configuration ensures that the heating power can be equal to zero, while the common mode voltage on
the thermopile is approximately Vrr. Reference voltage Vrer is selected so that it is in the range of
the common mode voltages that are acceptable by an ADC (in our case from 0.1 to 3.2 V). By using
this solution, the thermopile output does not require conditioning. The digital to analogue converter
(DAC) operates in the unipolar mode and when its output voltage is increased, voltage V. is decreased.
Because the common mode potential of the thermopile is always close to the potential of the positive
electrode of the heater, the measurement of the voltage on the thermopile is always correct even when
there is a negative potential on the other electrode of the heater. The solution described was taken into
account when designing the measurement and control system.

3.1.2. Interactions between the Diode and the Thermopile

It was observed that the current flowing through the diode affected the voltage on the thermopile.
The diode is designed to measure the temperature of the cold ends of the thermocouples and is polarised
with a constant current of 50 pA. A voltage drop to the level of 0.6 V results in about 30 pW power
losses of the diode. The typical sensitivity of a microcalorimeter that is given by the manufacturer is
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about 1.3 V/W. Hence, even if the diode dissipates the power of 30 uW, the thermopile voltage drop
should not exceed: v
AVrg = Syp-Pp =13 W-SO uW =39 uv (1)

where Sy, is the effective sensitivity and Pp is the power dissipated on the diode. The voltage drop
that was observed on the thermocouple after connecting the current power source to the diode was
at the level of a few millivolts, which cannot be explained by thermal effects, but only by leakage
currents. To prevent the interaction between the diode and the thermopile, we decided to separate
the measurements of the thermopile voltage (temperature of the membrane) and the diode voltage
(temperature of the cold junctions). For this purpose, a commutation system was used that disconnected
both diode terminals from the rest of the system for the duration of the thermopile measurements.
This approach is acceptable because the thermal capacity of a microcalorimeter rim with an additional
housing is much larger than the thermal capacity of its membrane and the temperature of the cold
junctions can only be measured before and after a calorimetric experiment.

3.1.3. Interactions between the Heater and the Diode

During the tests of the microcalorimeter, a dependence was observed between the voltage
supplying the heater and the voltage at the terminals of the diode. It was observed that after switching
on the voltage supplying the heating element, the diode voltage increased by several millivolts. This
effect cannot be explained by the thermal effects, since the temperature coefficient of the diode is about
-2 mV/°C. It is also important to mention that the voltage increase on the diode occurred even if
only one terminal of the heating element was connected to the power supply. The only explanation
is once again the leakage currents. To avoid the problems that are related to the effects that were
observed, it was decided to disconnect both ends of the heater when measuring the diode voltage. The
commutation system, as in the previous case, was based on a relay.

The interactions described above not only occurred for the Rj, semiconductor heating element,
which is realised in the silicon structure with the diode and the thermopile, but also for the aluminium
heaters, which are galvanically separated from the silicon structure. Therefore, the acquisition system
for a microcalorimeter must operate in two modes:

e normal mode-thermopile voltage measurement—heating element connected, diode disconnected;
e temperature measurement of cold junctions—diode connected to the measurement system and
polarised with 50 pA current, heater disconnected, thermopile voltage not measured.

Switching between the operating modes is managed by a microcontroller that controls the relays.

4. Design of the Control and Measurement System

The device was designed to measure the heat flows using a semiconductor microcalorimeter sensor.
Although the presented device was adapted specifically to the XEN-NCM9924 model from Xensor
Integration [20], it can be easily adapted to other models. For the purpose of precise measurements,
a special power supply part of the measurement system was designed and manufactured (Figure 5).
The system consists of a power block, a heating element control block and a measurement block.

The control block supplies the voltage to the heater. A microcontroller DAC output is used to
control this voltage. The voltage profile is selectable using the LabVIEW application. The application
enables the power waveform to be set in a rectangular, stepped, linearly increasing and sinusoidal
shape. After adapting the software, it is also possible to generate other waveforms.

The measuring block was implemented based on an ADuCM360 microcontroller [37], which
contains two multichannel ADCs with a 24-bit resolution and a 12-bit DAC. One ADC was used to
measure the signals from the microcalorimeter-the voltage on the thermopile and alternatively the
voltage on the semiconductor temperature sensor. When measuring the voltage on the thermopile, the
diode sensor is not available through the commutation circuit. When measuring the voltage on the
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diode sensor, the heaters are disconnected. Therefore, it is not possible to measure the temperature
on the diode correctly during heating, but only when the microcalorimeter is cooled down after
disconnecting the heaters. The second ADC is used to monitor the power that is supplied to the heater
by alternately measuring the voltage and current on that element. Then, the current power and current
resistance of the heater can be determined.

RS] I

XEN-NCM9924 A0 AL A2 A3
ADC1
Power | | g AlOADCO — _l
controller > ALl -

Switch - -1l ADuCM360 /EEEER N

A7

Rh .
Switch
] — *Dt wi ADCO
LIA8

— 1 Ty

Figure 5. Block diagram of the power supply and data acquisition system.

The control and measurement system is connected to a PC via an isolated USB interface.
The application, which was created in LabVIEW, controls the commutation systems, the power
that is supplied to the heaters and also records the measurement data.

4.1. Power Supply System

In order to reduce the interference noise, a battery power supply was designed. For this purpose,
four 18650-type lithium-ion cells with a nominal voltage of 3.7 V were used. For the proposed heater
controller, both positive and negative voltages are required, but the negative voltage does not have to
be stabilised. This was obtained by using an LM7905 stabiliser in the configuration that is shown in
Figure 6. The 2.5 V and 3.3 V voltages were obtained using typical three-terminal low-dropout (LDO)
LM1117 stabilisers.

+5V
+3.3V
IN ouTl—=
. 1117-3.3
Li-lon |. GND
1 GND
4 x 18650 LM7905
IN ouT
ouTLt2.5V
OVERCURRENT 1117-2.5
PROTECTION GND
GND
-Vee

Figure 6. Simplified diagram of the power supply system.

The negative voltage Vg is not stabilised and can vary depending on the level of the cells charge.
Its value also results from the applied overcurrent protection and reverse polarity protection. Slow
variations in Vg are insignificant, because it is used only as a negative voltage to supply the operational
amplifiers and buffer.

The power supply system is additionally equipped with a battery condition monitoring module,
which consists of:
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e acomparator system with an adjustable threshold detecting battery voltage drop below 10 V (2.5
V per cell);
e an LED that indicates the battery status.

An appropriately rescaled battery voltage is applied to the input of the ADC in the microcontroller.
A binary output signal from the monitoring system is also delivered to the interrupt input terminal of
the microcontroller.

4.2. The Control System of the Heating Element

The heater control system was designed taking into account the interactions that were described
in Section 3.1. The electrical scheme of the system is shown in Figure 7. The scheme was directly
reproduced from electronic design automation (EDA) software without any simplifications.

+2V5

TTP&(M pin 1
2]
K402
;Sél ?TP“OE FINDER-30.22
I
pin 2 L“T‘iglé pin 3 4 AZ_H % b Al Jumpe3
AO TTPAO} A3
— 2 1
1 I (- o
50 e
[A0) NE CMiH 1 |
! [N TN T
RADG R408 : I
5K 20K ' . H
CM2_H 2 2 {t—‘ lH b
by po2_H 1Phi2 IPhih IP4DS
Al ] e ISP A B
HFD27/005-5 ok
R407
e jlwuoa
5 TRADT
R403 RLOD
10K 2K
050 DAC 5™ R410 C 8€177
+2V8 7 Qu03
1 5 fAS I_PNP_BCE
’ + R
RADA
Tpanz| 47K REOS (711013 TP4ET
o 91K usp1B P!
R
RVAOT <2 2
<2
2K v

]

GNDA

Figure 7. The electrical scheme of the heater control system.

The heater is connected to the terminals marked CM1_H and CM2_H (Figure 7) through the
relay commutation circuit. The relay is controlled from the microcontroller. As was stated above,
a XEN-NCM9924 microcalorimeter is equipped with three heating elements: two aluminium and one
semiconductor (Table 1). The heater can be selected by the appropriate connection of the jumpers
on the mainboard. The jumpers enable the connection of a single heating element as well as a
parallel connection of any combination of the elements. A U401B amplifier (Figure 7) together with
the surrounding resistors and transistor Q43 works as the control system for the heating element.
The potential on pin TP406 (Figure 7) is equal to:

@

Ry05 + RV R R
Vipsos = VRer- 405 401 _(1 n 407)_ Vpac- 307

Ryp4 + Ryp5 + RVyg Ryp3 "Raos

The ratio R497/R403 determines the gain of the DAC output signal. Because the DAC output
voltage varies from 0 to 1.2 V, the output voltage may vary by:

Ryo7 47k
VDACHax Rus 1.2V 0% — 5.64V 3)

Due to resistor R411 for measuring the current, the voltage on the heater changes in a narrower range.
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The variable resistor RV 4; enables tuning stand-by voltage on the heater for the output voltage
of the DAC equal to zero. This can be achieved if the following condition is met:

Ryo7 _ Ryp4
Rg03  Raos + RVym

(4)

The system permits the current and voltage on the heater to be measured. The current of the
element is measured by measuring the voltage drop on the R4¢; element (the voltage between terminals
AIN2 and AIN3). The common mode voltage on this element is about 2.5 V, thus it is in the range
that is acceptable by the ADC. However, there is no possibility to directly measure the heater voltage
because the potential of the negative electrode can reach —2.6 V. This value is below the range that is
acceptable by the converter. The problem was solved by using a voltage follower on a U401A amplifier
and a voltage divider Ryg-R4og (Figure 7). The heater voltage is measured between the AINO and
AINT terminals. Both potentials are in the range that is acceptable by the ADC and are within the
entire control range of the heating power. Then, based on the voltage and current of the heater, the
current power and current resistance of the heater are calculated in the microcontroller. As a result,
a significant improvement in the accuracy of the power measurements was obtained compared to
systems in which only the voltage or current is measured and the power is calculated based on the
resistance that is given by the manufacturer without considering its dependency on the temperature.

The maximum offset voltage of an LT1013CP amplifier (Texas Instruments, Dallas, TX, USA) is
450 uV. Hence, the relative uncertainty in the heater voltage measurement is 90 ppm. The relative
uncertainty in the measurements of the power and resistance of the heating element are similar. In turn,
the maximum input bias current of the amplifier is 50 nA. Hence, the relative uncertainty that is caused
by the input bias current is about 10 ppm, which is negligible.

4.3. The Diode Voltage Measurement

As was shown above, the diode to measure the absolute temperature is connected by the
commutation circuit. A current of 50 pA, which is used to bias the diode is supplied by the
microcontroller (pin AIN6). The voltage across the diode is measured by using the AIN7 and AINS
terminals of the analogue multiplexer and the Ch0 channel of the ADC (ADCO0). Because the four-wire
sensing method is used, the voltage drops on the relay contacts do not affect the measurement results.
The schematic of the diode measurement block is shown in Figure 8.

W{E}gﬁwb

50 1A _l
R AIN7

ADCOAWB

ADuCM360 .
AGND

Figure 8. Four-wire diode voltage measurement circuit.

4.4. Configuration of the Analogue Part of the ADuCM360 Microcontroller

4.4.1. Configuration of the Analogue Inputs

The ADuCM360 microcontroller is equipped with two ADCs, each of which has an additional
programmable gain amplifier (PGA) that enables gains from 1 to 128 to be selected. The measured
signals are delivered from an analogue multiplexer, which allows any signal to be given to the converter
in both the differential and single-ended modes. The selected input lines can be supplied from a
programmable current source (PCS). The ADCO channel of the converter is used to measure the voltage
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on the thermopile and diode. For the voltage measurements on the thermopile, the differential mode
of the converter and gain 8 are used. This enabled voltages in the range of £125 mV with a common
mode component between 0.1 V and 3.2 V to be measured. This range corresponds to the differential
and common mode voltages that occur on the thermopile, thus no conditioning of the voltage on the
thermopile is required.

The voltage drop on the diode is measured by connecting the anode and cathode of the diode
directly to inputs AIN7 and AINS8 of the multiplexer. When measuring the voltage on the diode, the
PGA gain is set to 1 which accepts the common voltages being varied from 0 to 3.3 V. In effect, the
signal from the diode does not require conditioning. The current source of 50 pA is switched on only
when measuring the diode voltage. At the same time, the commutation relay connects the diode to
the microcontroller.

The voltage and current of the heating element are measured alternately in channel Ch1 of the
ADC (ADC1). The conditioning system that was described in Section 4.2 provides the appropriate
range of differential and common mode voltages.

The ADuCM36x Tool (Analog Devices, Norwood, MA, USA) was used to configure the analogue
inputs. After the configuration was created in a graphic form, the system generated the functions in
the C language, which were attached to the processor firmware. The view of the main application
window is shown in Figure 9.
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Figure 9. A view of the ADuCM36x Tool—the analogue submodule configuration creator.
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4.4.2. Configuration of the Analogue Output

The ADuCM360 microcontroller is equipped with one 12-bit DAC. In the presented solution,
the DAC is used to control the power that is supplied to the heating element. The converter is
polarised with an internal reference voltage of 1.2 V. The output voltages can also vary from 0 to 1.2 V.
The converter output is connected to the heater voltage conditioning system that was described in
Section 4.2.

4.4.3. Data Transmission

Serial transmission was used for the data communication between the microcontroller and the
PC. The TxD and RxD lines of a universal asynchronous receiver-transmitter (UART) interface are
connected to a galvanic isolation system. A prototype board was designed to use 6N137 optocouplers
and ADuM1201 transformer digital isolators. This made it possible to compare the disturbances that
are generated using both insulation methods. On the uninsulated side, a typical UART/USB converter
type FT232 is used. The data is transmitted at a standard speed of 115200 bps.

The processor sends the data in a text format. A convention was adopted in which the data can be
either downloaded to a text file in the .csv format or processed online, for example, in LabVIEW. In the
thermopile voltage measurement mode, each data frame contains a voltage value and a timestamp
with a resolution of 1 ms.

The voltage sampling frequency can be switched to one of the following values: 10 Hz, 20 Hz,
50 Hz or 100 Hz. Switching is done by sending the appropriate one-character command to the
microcontroller. Optionally, the measurement of the power of the heating element together with the
voltage measurement on the thermopile is available. While the power measurement mode is activated,
the voltage and current of the heating element are measured alternately. After the completion of each
measurement cycle, a frame containing the voltage, current, resistance and power of the heater along
with the time stamp is sent. The power of the heater can be controlled in one of several modes:

(a) Step mode. In this mode, one of seven predefined voltages is provided to the heater terminals.
The voltage is switched by sending a one-character command to the processor. Using this mode,
the higher-level system (control device) can execute a square wave with any duty factor and
selectable amplitude as well as a stepped waveform.

(b) Linear power increasing mode. In this mode, a voltage that is proportional to the square root of
time is applied to the heater. This represents a linear increase in power. Similarly, power that
decreases linearly over time can be obtained. The linear increase or decrease in power is triggered
by a one-character command.

(c) Sinusoidal mode. In this mode, the analogue output voltage is given in the form of a full-wave
rectified sinusoidal waveform: U(t)= U,;,-|sin(mtf;)|. The power on the heater, therefore, has the
form P(t)=Py-Py-cos(27tf;). The frequency of the power changes f; can be 10 Hz or 2.4 Hz.

The start of the sinusoidal waveform is synchronized. As a result, when switching from the
off state to the on state, the sinusoidal waveform always starts at zero. The sinusoidal waveform is
generated at a sampling rate of 1 kHz. Subsequent samples are generated as the results of the solution
of the oscillator difference equation. This method is characterised by a very low computational effort
compared to counting the subsequent samples of the sine function, as well as a very small memory
requirement compared to the look-up table solution.

4.5. The Layout of the Microacalorimetry Control and Measurement System

The system was implemented on a four-layer printed circuit board (PCB). Figure 10a,b show
the arrangement of the elements on a PCB. Figure 10c,d show the distribution of the voltage planes
(Figure 10d) and ground planes (Figure 10c). All of the PCB layers of the control and measurement
system were designed in accordance with good engineering practices [38,39]. The project took into
account the impact of the control algorithms on the level of electromagnetic interference [40] and
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the influence of magnetic materials [41]. Figure 10a contains the specific division into functional
blocks. In addition to the elements described above, the project of the PCB also provides the possibility
of adding external measurement, recording and display devices via standard interfaces—SPI, I°C,
1-Wire and others. A connector was also added to connect an HD44780 compatible LCD display.
The microprocessor can be programmed using both the SWD interface (standard ARM processor
programming interface) as well as via a serial interface USB converter.
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Figure 10. (a) Placement of the elements and functional blocks on the printed circuit board (PCB), (b) a

photograph of the control and measurement system, the plan for the distribution of the internal PCB
layer of (c) the ground planes and (d) the voltage planes.

5. Metrological Properties of the Measurement System

Among the metrological properties of the data acquisition system of signals dedicated for
calorimetric sensors, the most important is the resolution. By the resolution, we mean the smallest
distinguishable change in the voltage on the thermopile. Knowing the thermopile sensitivity
coefficient, which is expressed in mV/°C (e.g., for the XEN-NCM9924, it is 50 mV/°C [20]), the smallest
distinguishable change in temperature can be determined.

Because the signals from the sensor (thermopile voltage and diode voltage) are not conditioned
but are connected directly to the ADC inputs, all others metrological properties—linearity, long-term
stability, distortions etc.—should by the same as specified in the documentation of the ADuCM360 [37].

5.1. Resolution of the Analogue to Digital Converter

The measuring system that was designed used an ADuCM360 microcontroller that was equipped
with two 24-bit ADC. The effective number of bits (ENOB) specified by the manufacturer [37] depends
on the sampling frequency and amplification of the PGA input amplifier. For a gain set to 8 (used in a
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designed measurement system) and a sampling frequency of 50 Hz the ENOB parameter (stated by the
ADuMC360 manufacturer [37]) is 19.0, while for 100 Hz ENOB it is 18.6.

Measurements were taken to determine the actual RMS noise of the analogue to digital converter
and the effective number of bits in the designed system. The gain was set to 8§ to obtain the measuring
range of +125 mV. A constant voltage, which was obtained from the reference voltage divider (Figure 11),
was given on the short-circuited ADC inputs. A series of measurement results were recorded for 20 s
at different sampling frequencies. The results of the registration are shown in Figure 12a—d for 10 Hz,
20 Hz, 50 Hz and 100 Hz, respectively. In Figure 12a—d, the waveforms along with their histograms are
presented with the following parameters:

e RMS noise;
e  peak-to-peak voltage V,p;
e average voltage Vorrs;

e ENOB—this value was determined in the same way as in the producer’s note for the
ADuMC360 [37], according to:

©)

ENOB — | 2-Input Range
~ 982\ "RMS Noise

It should be noted that at the sampling frequencies of 10 Hz and 20 Hz, the offset voltage was
below 1 nV, while at 50 Hz and 100 Hz, it was about —6 pV. This is because at lower frequencies, the
auto-zero mode (Chopper) was activated, while at higher frequencies it was switched off (following the
manufacturer instructions [37]). In the datasheet [37], the manufacturer states that with the chopper
function disabled, the offset error can be +12 uV. The obtained value was, therefore, better than the
stated one.

Based on the obtained results, it can be concluded that the RMS noise in the designed system was
about 10% higher than the RMS noise value that was stated by the manufacturer. The RMS noise value
increased in proportion to the square root of the sampling frequency, i.e., the spectral density of the
noise was practically constant.

TP+

ADC

TP-

AGND

Figure 11. The system configuration for determining the RMS noise and the effective number of bits in

the measurement system.
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microcalorimeter connection with the short-circuited analogue to digital converter inputs for various
sampling rates: (a) 10 Hz (RMS noise = 0.23733 uV, V)., = 1.4 1V, Vorrs = —0.16282 1V, effective number
of bits (ENOB) = 20.006); (b) 20 Hz (RMS noise = 0.35181 pV, Vyp = 1.7 uV, Voprps = —0.24665 v,
ENOB = 18.878); (c) 50 Hz (RMS noise = 0.54404 uV, Vy,, = 3.5 uV, Vorrs = —6.4 1V, ENOB = 18.809);
(d) 100 Hz (RMS noise = 0.7069 uV, V., = 4.5 uV, Vopps = —6.3 1V, ENOB = 18.432).
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5.2. Impact of the Interference Connected with Data Transmission

The data acquisition system was designed to minimise the impact of any disturbances on the
values that were measured. For this purpose, the following were applied:

e  Dbattery power supply;
e galvanic isolation of the communication interface;
e the separation of the ground plane for the analogue and digital parts.

However, it is not possible to eliminate one source of disturbances-the digital signal that is
connected with the data transmission between the microcontroller UART port and the galvanic isolation
system. The other digital circuits such as the UART/USB converter are outside the galvanic barrier.

Interfusing of the disturbances related to data transmission was observed. It was observed that
the highest level of interference occurred at the unstabilised voltage-Vrr. The system was tested with
two different separation systems:

e  separation using a 6N137 optocoupler;
e separation using an ADuM1201 transformer digital isolator.

The voltage waveforms with the disturbances that were observed at -Vr terminal are shown in
Figure 13a,b. The disturbances appeared at the same time as the UART data transmission from the
microcontroller to the PC. It should be noted that an optocoupler introduces several (around four)
times greater disturbances than a transformer digital isolator. The use of ADuM1201AR introduced
a noise at the level of 15 mV and the 6N137 system at the level of 60 mV (Figure 13a,b). This was
because in the circuit with the optocoupler, the transmission required switching the current of about
10 mA that controls the LED of the transmitter on and off. The current from the battery power supply
caused visible voltage changes. The transformer digital isolator did not generate such large changes in
the current during switching. The effect of data transmission on the measurement resolution of the
thermopile voltage will be analysed in the next section.

14 Pas: 13.00mms SAYE/REC

Action

Save Image

(b)
Figure 13. Comparison of the data transmission noise levels that were measured using different types
of isolation (a) ADuM1201AR, (b) 6N137.

5.3. Evaluation of the Measurement Device Resolution

To assess the resolution of the signal from the thermopile, the microcalorimeter was attached to
the measuring system. The voltage on the thermopile was recorded with the heating element switched
off and at different sampling frequencies. An example of the voltage waveform on the thermopile is
shown in Figure 14. This waveform was characterised by:

e aconstant voltage (in this case, it was around 156 uV);
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e aslow voltage change on the thermopile (drift) at the level of several pV;
e voltage noise at the thermopile.

The first two effects were related to the thermal phenomena that occurred in the thermopile.
The observed voltages correspond to a temperature difference of 3.3 x 1073 °C. An analysis of these
phenomena is beyond the scope of this paper.

In order to estimate the noise level of the measurement system with the thermopile, the
slow-changing trend in waveform was subtracted from the waveform that was originally registered.
For the measurement system, the following parameters were determined:

e RMSnoise;
e  peak-to-peak voltage Vp;
e the ENOB.

The waveforms were recorded in the following system configuration:

e measurements with the simultaneous transmission of data through the optocoupler isolator
(6N137);

e measurements with the simultaneous transmission of data through the transformer digital isolator
(ADuM1201AR);

e  with the data transmission disabled (the data were collected in the microcontroller memory and
then transmitted to the computer).
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Figure 14. An exemplary voltage waveform on a thermopile for a sampling frequency of 10 Hz (a),
voltage waveform after subtracting the drift (b) and its histogram obtained after subtracting the drift (c).

The results are shown in Table 2. An analysis of the results that is presented in Table 2 leads to the
following conclusions:
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e thenoise that was measured in the system that included the microcalorimeter (Table 2) was higher
than the noise of the system with only the analogue to digital converter with shorted inputs
(Figure 12a—d);

e identically, in both cases (for the analogue to digital converter with shorted inputs (Figure 12a—d)
and with a microcalorimeter system configuration (Table 2)), the effective value of the noise
increased in proportion to the square root of the sampling frequency;

e  Galvanic isolation with the transformer digital isolator gave slightly less voltage noise than the
optocoupler solution (Table 2);

e turning off the digital transmission only slightly improved the resolution.

Based on the peak-to-peak noise value, the temperature measurement resolution was estimated at
2.6 x 1075 °C with a sampling rate of 10 Hz up to 6.2 x 107> °C with a sampling frequency of 100 Hz.

In the case of using the active calorimetry system [33], the heat flow that is generated in a liquid
sample (e.g., due to a chemical reaction) that is placed on a microcalorimeter membrane is measured.
The sensitivity of the microcalorimetry sensor that is given by the manufacturer [20] is between 1.2 and
2.4 V/W. The power measurement resolution is therefore 1.2 uW at a sampling frequency of 10 Hz and
2.8 uW at a sampling rate of 100 Hz.

5.4. Diode Temperature Sensor Properties

In order to evaluate the properties of the diode temperature sensor, the microcalorimeter was tested
in a climatic chamber. The voltage-temperature characteristics of a selected piece of XEN-NCM9924
microcalorimeter is presented in Figure 15. A good linearity of the characteristics can be observed.
The temperature coefficient that was obtained from these characteristics was —1.9132 mV/°C, which is
typical for silicon pn junctions. However, for three different pieces of the XEN-NCM9924, the voltage
that was measured at the same ambient temperature varried from 644 mV to 662 mV. The voltage
change corresponded to about a 10 °C temperature change. This leads to the conclusion that each piece
of the microcalorimeter should be individualy calibrated using a reference thermometer.

Table 2. Comparison of the quality of the measurement results that were obtained for different
sampling frequencies.

Sampling Operating Parameters RMS Noise Vp-p ENOB
Frequency 4 8 [uV] [uV] (Effective Number of Bits)

Without transmission 0.2321 1.378 20.039

10 Hz With transmission (6N137) 0.2847 1.561 19.744
With transmission

(ADuMI201AR) 0.2469 1.405 19.949

Without transmission 0.3273 1.704 19.543

20 Hz With transmission (6N137) 0.3584 2.055 19.411
With transmission

(ADuMI201AR) 0.3458 1.788 19.464

Without transmission 0.4981 2.549 18.937

50 Hz With transmission (6N137) 0.5516 3.408 18.789
With transmission

(ADuM1201AR) 0.5360 3.368 18.831

Without transmission 0.6433 3.4121 18.5680

100 Hz With transmission (6N137) 0.7252 5.1253 18.3951

With transmission 0.7091 4.6038 18.4275

(ADUM1201AR)
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Figure 15. The voltage-temperature characteristics of the absolute temperature sensor.
6. Examples of Application

A microcalorimeter can be used to determine the thermal properties of a liquid sample, which
is placed on the central area of the membrane. By applying a step change in the heating power, the
temperature response that is measured by the thermopile can be observed. Based on the characteristics
of the response such as amplitude, rate of the increase, time constants etc., specific material properties
(e.g., specific heat) can be determined. Figure 16 shows an example of the records of the response
of a microcalorimeter to the heating power of a square wave. The waveforms were recorded with
an XEN-NCM9924 microcalorimeter with an empty membrane as well as one with a 10 uL drop of
distilled water and a 10 puL drop of a propylene glycol-water solution. Since the thermal capacities
of water and glycol samples are different, differences in the time domain responses can be observed
(Figure 16).
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Figure 16. Response of an XEN-NCM9924 microcalorimeter to pulses in the heating power—different

zoom factors; 10 ms per sample.

Figure 17 shows the response of a microcalorimeter to a sine wave excitation, which is typical for
AC calorimetry [33]. The heater is powered by a sinusoidal waveform as described in Section 4.4.3c.
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Since the voltage on the thermopile is shifted in phases compared to the heater power, it is possible to
determine the thermal properties of the sample [33].

35
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Figure 17. An example of using a designed measuring system in alternating current (AC) calorimetry.

The next example presents the application of the system for heat flow calorimetry in steady state
conditions. A 10 pL drop of a propylene glycol-water solution was placed on the membrane while the
heater was powered. At the steady-state some heat is transferred from the sample to the environment
by convection and this also affects the sensitivity of the calorimeter Sy,. Since the convective heat
transfer between the glycol-water sample and the environment depends on the glycol content, the
sensitivity of the calorimeter Sy, can be used in the determination of propylene glycol concentration as
shown in Figure 18.
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Figure 18. Dependency of the calorimeter sensitivity on the solution concentration.

Further analysis of the measurement data (Figures 16-18) and the methods that can be used to
determine the thermal properties of liquid samples will be the subject of future works.
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7. Conclusions

The device described in the article enables the acquisition of measurement data in microcalorimetry.
Basically, the device is dedicated to the XEN-NCM9924 microcalorimeter model but can easily be
adapted to other types of microcalorimeter sensors. The project is a developmental solution from
both the hardware and software sides. It is possible to connect additional measurement sensors,
memory modules, external analogue to digital and digital to analogue converters, user interfaces and
communication modules.

The ADuCM360 microcontroller provides 128 kB of Flash memory for the program, while the
current version of the firmware requires about 12 kB. The mainboard is equipped with a standard
programming interface SWD with the possibility to debug. Adding new functions and operating
modes to the project is simple and fast.

Some recommendations can be made regarding the design of the data acquisition systems for
the semiconductor sensors. The main problem that should be addressed during the design is the
presence of any interactions between the modules that are included in the system on a chip (e.g.,
thermopile, heaters, diode temperature sensor). Not only must the differential voltage between the ends
of the thermopile be considered but also the common mode voltage with which the measured signal
will appear. The occurrence of a common mode voltage outside the range that is acceptable by the
analogue to digital converter will result in incorrect measurements or even the lack of a measurement.
The recommendations and good practices described in this paper allowed to design a portable voltage
measuring device with a uV precision.

It has been shown that the correctness of the temperature measurement depends on the method by
which the heating element is fed. It was also shown that some elements cannot work simultaneously
in a commercial XEN-NCM9924 microcalorimeter. Therefore, it is necessary to use a commutation
circuit that cuts off specified elements in certain states of the measurement device.

It was also observed that an important factor that affects the noise and measurement resolution in
the device is the method that is used to transmit the digital data. Since it is not possible to disable
the data transmission completely, the transmission system should be designed in such a way that
the disturbances that it introduces are as small as possible. It was also shown that the transformer
galvanic isolation system disturbs the measured signals to a lesser extent than a circuit that is based on
an optocoupler.

The measurement device that was created and that is presented in the article will be used to test
the properties of liquid samples as well as for testing chemical and biological processes.
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