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ABSTRACT This paper aims at designing a compact readout system for chemiresistive sensor array with
high speed and high accuracy. The proposed scheme is based on Resistance-to-Voltage (R-V) conversion
and targets high density wide ranged chemiresistive sensor, with input resistance range of 1 K - 1 MQ
and 0.1% sensitivity. The proposed approach uses Adaptive Reference Resistor Tuning (ARRT) technique
implemented with a digital variable potentiometer to achieve a high accuracy without sacrificing the dynamic
range and the speed. The system is implemented on a printed circuit board with a microcontroller and a
16-bit Analog-to-Digital Converter (ADC), and it has a compact dimension of 10 cm x 6 cm, which is
suitable for portable applications. The readout system works with a 5 V power supply, and the overall
system power consumption is 150 mW. The system is designed to interface with a 118 sensor array and
the experimental results achieved a satisfactory accuracy of 0.88%, as well as a measuring speed of 8.5 ms
per sensor. Compared with existing approaches, our work targets a high density wide ranged chemiresistive
sensor array and demonstrated high accuracy, high speed with the lowest circuit complexity, which is the
novelty of this work.

INDEX TERMS Chemiresistive sensor, high density sensor array, microcontroller sensor interface, readout

circuit, resistance-to-voltage conversion.

I. INTRODUCTION

Chemiresistive sensors have been widely investigated and
used for toxic/harmful gas detection [1]-[3], environmen-
tal monitoring [4]-[6], food inspection [7]-[10] and various
other applications [11] because of their merits such as simple
sensing mechanism, cost effectiveness, and excellent sensi-
tivity. The chemiresistor or chemiresistive sensor is a class
of chemical sensor that changes its electrical resistance in
response to chemical interaction between the sensing material
and the target analyte. Thus, the purpose of a readout system
is to convert the variation of target analytes into measurable
electrical quantity such as voltage, current, and sometimes
even time.

Different signal conditioning readout systems have been
proposed to interpret response of chemiresistive sen-
sors, which rely on conventional Resistance-to-Voltage
(R-V) conversion using an Analog-to-Digital Converter
(ADC) [12]-[20], Resistance-to-Time (R-T) conversion
using RC oscillator and timer circuits [21]-[26], Direct
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Microcontroller Interface (DMI) [21]-[24], and quasi digi-
tal schemes namely, resistance to frequency, pulse width or
period conversion [27]-[28].

The simplest method among them is the R-V conversion
utilizing a voltage divider concept or a resistive DC excited
Wheatstone bridge. However, in the case of detecting a wide
range of sensor resistance such as chemiresistive gas sensors
with dynamic variation up to 5 - 6 decades, this method
cannot be employed due to its limitation of resistance range
coverage [14]. Another strategy for R-V conversion is based
on current excitation technique that forces a constant cur-
rent through the sensor and measures the amplified output
voltage [18]-[19], [29]-[31]. In this method, highly accurate
and stable current reference sources are required to build the
circuitry. Unfortunately, designing stable and precision cur-
rent source is quite challenging because active components
used in the circuitry are not linear. Also, the amplification
section must be made programmable to adapt wide range,
which increases the complexity, power, and size, without
precision guarantee. While, the R-T scheme can measure
wide resistive variation, but it requires two to four com-
plete charging and discharging cycles to convert resistance
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variation to time [21]-[26]. Consequently, the main draw-
back of R-T based approach is a long acquisition time when
dealing with sensors having high base resistance. Hence,
this solution is not suitable for readout system that requires
a fast transient response from a high density sensor array
with wide resistance range. The quasi digital system con-
verts resistance to frequency, period, or pulse width varia-
tion; but another interface circuitry is necessary to covert
the quasi digital output to digital, which makes the sys-
tem complex [27]-[28]. In DMI technique, the microcon-
troller unit (MCU) excites a passive resistive [21]-[22] or
capacitive [23] sensor and then measures the duration of
the transient response to reach a predefined threshold using
the embedded digital timer. Thus, no active electronic com-
ponents are necessary between the sensor and the MCU,
which minimizes the size, cost, and power consumption
of the readout system. However, it also suffers from large
processing time when dealing with wide range resistive
Sensor.

In recent era, there is a demand for high density sen-
sor array to improve the selectivity and sensitivity of target
analyte detection [32]-[34]. For instance, Electronic-Nose
(E-Nose) is one of the cutting-edge applications which gained
particular attention, that takes advantage of sensor diversity
to mimic the human olfaction receptors [35]-[36]. Modern
E-Nose system integrates different types of chemiresistive
sensors in a single substrate to form a high density sen-
sor array to enable multi analyte detection [35]. A variety
of chemiresistive sensing materials, including conductive
polymers, nanomaterials such as single and multi-wall car-
bon nanotubes (CNT), graphene, and nanoparticles can be
deposited on the flexible substrate, using Inkjet or screen
printing techniques to generate a high density sensor array
with wide range [37]-[39]. However, it is hard to achieve
fast, accurate, and low power system with the existing E-Nose
readout systems; moreover, they are usually expensive and
bulky [3], [5]-[7], [10].

Therefore, we propose an embedded readout system which
can meet these requirements for a wide ranged high density
chemiresistive sensor array, that can be used for applica-
tions like environmental monitoring, volatile organic com-
pound (VOC) detection, toxic gas detection, and E-Nose.
The target input resistance range of the proposed system
is from 1 KQ to 1 M2 based on [35]. Since proposed
system aims at a high density sensor array, the R-V con-
version scheme with a voltage divider concept is selected
due to low complexity and use of less active components,
which leads to small form factor, low power consumption,
and low cost. In order to accommodate wide ranged sen-
sor while achieving high accuracy with this architecture,
an Adaptive Reference Resistor Tuning (ARRT) technique
with triple sampling method is employed to resolve limitation
of conventional R-V. The proposed system shows an iterative
improvement of the measurement accuracy and resolves the
long measurement time problem of traditional R-T conver-
sion method.
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The rest of this paper is organized into following sub-
sections. The first section introduces system design includ-
ing hardware architecture and software design. The second
section deals with an algorithm developed to improve the
measurement accuracy and time. The last section presents
experimental setup and results obtained using the proposed
system.

Il. SYSTEM DESIGN

A. READOUT SYSTEM SCHEME

The detailed block diagram of the proposed system is pre-
sented in Fig. 1, where S1 - S118 represents 118 number of
chemiresistive sensor array. The system consists of a readout
unit, control unit, and power management unit. The readout
unit is embedded to convert chemiresistive sensor value to
a quantifiable data, while control unit controls the readout
unit, processes the obtained data from the readout unit, and
transfers processed data to the user via Universal Serial Bus
(USB). Lastly, the power management unit is implemented to
provide a constant supply voltage to the system.

B. HARDWARE IMPLEMENTATION

The prototype of the proposed embedded system is imple-
mented on a printed circuit board (PCB) using commercial
off-the-shelf (COTS) components. “Eagle 9.4.2” software is
used to design a 2-layer PCB as shown in Fig. 2.

Readout Unit: The objective of the readout unit is to dig-
itize the resistance value of the target chemiresistive sen-
sor (Ry), which consists of two electrodes. To establish the
R-V conversion for quantification, one of the electrodes is
connected to the reference resistor (R,.s) which is realized
with a digital potentiometer (DPOT), while the other elec-
trode is connected to constant supply voltage (Vpp) gen-
erated from power management unit as shown in Fig. 1.
A Flexible Printed Circuit Board (FPCB) connector provides
120 contacts with 0.2 mm pitch to connect the 118 sensor
array with the readout board. The remaining two contacts
of the FPCB connector are utilized to provide Vpp to the
sensor array. For addressing 118 different sensors individu-
ally, four 32 x 1 multiplexers are employed, which consumes
low power of 100 uW and has low ON-resistance of 5.5 Q
which is negligible compared to Ry value. Commonly, the
fixed value of Ry in voltage divider circuit will induce
voltage saturation at an ADC because of the nonlinearity in
sensor response when dealing with wide resistance range.
To avoid above mentioned problem, a dual channel 8-bit
DPOT “AD5242BRZ1M” (Analog Devices) [41] having full
scale error rate of & 0.5 LSB is utilized to change the R,.f
based on the value of R;. A dual channel precision opera-
tional amplifier (OPAMP) is used as a buffer between the
sensor and ADC, to avoid load impedance effects from high
impedance source. The selected OPAMP provides low input
offset voltage (V,5) of 5 uV and low input bias current of
0.2 pA to reduce output error [42]. Its output is converted
to digital signal using an 8 channel 16-bit external ADC
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FIGURE 1. Detailed block diagram of the proposed system.

un 9

FIGURE 2. Prototype of readout system implemented on a PCB.

“LTC1859” (Analog Devices) [43] controlled by MCU using
Serial Peripheral Interface (SPI). The ADC selection is a
crucial step, as the ADC resolution affects the sensitivity of
the sensor since the ADC should be able to detect the changes
of the sensor output. The chosen ADC can identify voltage
difference as small as 76 'V, which is able to detect 0.1 %
variation of the sensor with resistance range between 1 K2
and 1 M2 (i.e.,1 €2 change for 1 KS2 base resistance and 1 K2
change for 1 MQ base resistance). The “LTC1859” uses a
successive approximation algorithm and an internal sample-
and-hold circuit to convert an analog signal to a 16-bit
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serial output respectively, providing an Integral Non Linearity
(INL) of + 3 LSB, Differential Non Linearity (DNL) of
4 2 LSB, and Signal to Noise Ratio (SNR) of 87 dB.

Once the ADC output voltage (ADC ypjsage) is Obtained, the
unknown value of R can be calculated using voltage divider
equation, as per (1).

Rref x (Vpp — ADCvoltage)

Rs =
AD Cvoltage

(M

Control  Unit: The Programmable System-on-Chip
(PSoC5LP) MCU is utilized as control unit [40]. This MCU
provides a flexible configurable block of analog subsystem,
digital subsystem, routing, and general purpose input/output
pins (GPIO). The “PSoCSLP” architecture includes 32-bit
Arm®Cortex®-M3 processor and operates with voltage
range from 1.71 V to 5.5 V with ultra-low power consumption
of 8.9 mA at 24 MHz, and 2 A at sleep mode.

Power Management Unit: The readout board is designed to
operate at a Vpp of 5 V. Power can be provided to the board
either using a USB cable or a battery. A Type B micro-USB
is used to power up the board and transmit the processed
data to the personal computer (PC) using USB 2.0 standards.
For providing a constant 5 V supply, a step-up or boost
converter is employed, which can generate an output voltage
of 5V &£ 2 % for an input voltage range of 2.3 V t0 5.5 V with
a supply current of 30 pA.
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C. FIRMWARE & GUI DEVELOPMENT
To develop firmware for the readout board, following subsys-
tems of “PSoCSLP” are utilized.

« Inter Integrated Circuit (I*C) block to communicate with
the DPOT

o SPI block to communicate with the ADC

o Control registers to control select lines of the
32 x 1 multiplexer

o USB block to control the USB 2.0 bus

The firmware of the MCU is written in embedded
C programming language and is compiled using a “PSoC
Creator 4.2” compiler released by Cypress semiconductors.

A customized Graphical User Interface (GUI) is developed
to establish connection between the readout board and the PC
using a USB Communication port (COM port). The GUI writ-
ten in python provides a real time display plot to visualize the
captured sensor data from the proposed device and saves the
obtained sensor data in comma separated values (CSV) for-
mat file. “Tkinter”” GUI framework and ““matplotlib” library
are utilized to build mentioned functionalities, meantime the
USB communication is established using “pySerial” library.
All the libraries are compiled into a single executable file
using ‘“‘pyinstaller” library.

lIl. PERFORMANCE EVALUATION

A. ACCURACY IMPROVEMENT BY ADAPTIVE REFERENCE

RESISTOR TUNING

In conventional voltage divider method, the value of the R,¢
is fixed to either most likely occurring value of R in the
range or the median value of the R, range (R;iq) [14], [22].
The conventional method is also referred as a single point
calibration method and cannot be applied for measurement of
the wide ranged sensor because of nonlinearity problem. Let
us consider a chemiresistive sensor with sensor resistance Ry
that varies with respect to gas concentration as in (2),

Ry=AxC™* @

where, C is the gas concentration in ppm, A and o are
constants set as 1 x 10° and 1 respectively, for the simulation
in Fig. 3 [7]. Using (1) and (2), (3) can be derived.

Vbp X Rref

ADC =
voltage Rref T (A » C_a)

3

Fig. 3 shows the graph of ADC g, versus gas concentra-
tion (considering 0 to 1000 ppm as an example) utilizing (3),
when R.,s = Rpjq in conventional R-V method. The graph
indicates a rapid rise in response at lower gas concentrations
and the slowing of response at higher gas concentrations
(voltage saturation). When R,,s < R; (at low gas concen-
tration), denominator term R, + (A x C™%) reduces to
(AxC™%), which gives a fairly linear relationship between the
ADC \yj1ag¢ and the gas concentration C. But, when Ryer >> Ry
(at high gas concentration), R, will start to dominate the
R + (A x C™%) term, and the corresponding change in
ADC \pj1age to gas concentration becomes saturated.
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FIGURE 3. ADC response versus gas concentration in conventional R-V
method using fixed R,f.

To cope with mentioned nonlinearity problem due to single
point calibration with fixed R.r, ARRT technique is realized
with a DPOT, which can alter the R, to 256 distinct values,
so that R, can be automatically balanced to value of R;.
Thus, the condition R,.r ~ Ry is always maintained to achieve
ADC\pitage = @ for avoiding the voltage saturation prob-
lem at higher gas concentration, thus helps to achieve high
linearity throughout the measurement range. To adjust the
Ryer to match with Ry, an iterative setting algorithm with triple
sampling is developed and embedded in the MCU firmware.
The value of DPOT which indicates Ry, is regulated in
three consecutive iterations. Each iteration back calculates
the R, using (1) with obtained ADC\jqge While changing
the DPOT values as per (4). At the first iteration, the system
calculates the Ry value by setting R;,f to Ry;q, which is same
as conventional method. In the second and third iterations,
the Ry value is set to calculated value of Ry obtained in the
previous iteration to tune the value of R, close enough to
actual R;. For the sensor array, each sensor data is sampled
and processed with the iterative setting algorithm repeatedly
until all sensor data is obtained. This methodology itera-
tively improves the accuracy, at the expense of increased
measurement time. However, a timing enhancement scheme
is explored to compensate for the measurement time, which
is explained in section III-C.

The resistance value of the DPOT can be varied from
60 Q - 1 MQ by programming registers. The DPOT has
3 terminals, ‘A’ & ‘B’ are the end terminals and ‘W’ is the
wiper terminal. The wiper position of DPOT is programmed
by an I>C serial data interface and can be set to 256 different
positions. The resistance value of the DPOT (Rppor) can be
set and calculated using the formula (4).

256 — D

X R R 4
756 a8 +Rw (4)

Rppor = Ryef = Rya (D) =

where, Ry is the resistance between DPOT ‘A’ terminal
and the wiper terminal, and D is the decimal equivalent of
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the binary code between 0 and 255 which is loaded in the
8-bit register of DPOT [41]. R4p is the nominal end-to-end
resistance that is 1 M while Ry is the wiper resistance
contributed by ON resistance of the internal switch which
is 60 .

B. READOUT RESOLUTION IMPROVEMENT BY ADAPTIVE
REFERENCE RESISTOR TUNING

Another important parameter to consider for an evaluation
of the system is the resolution corresponding to variation of
the sensor resistance value, due to the changes in target gas
concentration. As response to variation in the target gases,
the variation of the sensor resistance (R;) can be specified as
R, = Rs + AR;. The proposed system targets a sensor with
sensitivity of £ 0.1 %. Thus, R; can be considered as 0.009R;
or 1.001R;.

Let us denote V(upgas) as ADC pjrage in (1) without target
gas exposure and V(g indicates ADCyojiqge as per (1) in
condition where sensor is exposed to gas in conventional
R-V method, where R is fixed to Ryig. The term of
AV =V (nogas) — V(gas) stipulates the ADCjsqge change due
to target gas variation and is derived in (7) using (5) and (6).

Riax+Rmi
VDD( mwcz mm)

Vinogas) = m v
Vbp (M>

Vigas) = (m ) +(Rs+ARy) ”

AV ~ 0002%VoD R + Ruin) R

(Rmax + Rmin+2-001Rs)2

where R, = 1.001R,. The AV can be calculated using
(7) which ranges from 9.95 pV to 1.11 mV, considering
the target chemiresistive sensor R, ranges between Ry,;, and
Riyox of 1 KQ — 1 MQ, and Vpp as 5 V. The minimum
voltage of AV is 9.95 uV which cannot be detected from
16-bit ADC since it has a 76 uV resolution. Therefore,
it requires a higher bit ADC that is very expensive and not
easily accessible. The conventional method not only suf-
fers from higher bit ADC requirement, but also noise issue
since 9.95 uV is very small signal that can be easily dis-
torted. Thus, accommodating sensor with £ 0.1 % sensi-
tivity using the conventional method is neither possible nor
efficient.

Similarly, AV of proposed method with the ARRT tech-
nique can be written as (10) which sets Ry, = Ry & Ryep

after three iterations, considering the step size of
DPOT (Rgep)-
Vop X (R & Rgtep)
V(nogas) = (R TR z )_:e; (8)
s step s
Vbop X (R, £ Rysep)
Vo = p I ):L(R Stj-pAR) ©)
S Step S S
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FIGURE 4. (a) Simplified readout circuit, (b) Timing diagram.

_ 0.001xVpp (Rs £ Ryzep) Ry

AV 3

(10)

2.0005R; = R
step

where, Ry, of the selected DPOT is 3.9 K2 calculated as
per (4). The AV calculated using (10) ranges from 0.7 mV to
1.24 mV for the measurement range 1 K2 - 1 M2 and can be
easily detected by 16-bit ADC. Thus, proposed method can
be used for the measurement system of chemiresistive sensor
with £ 0.1 % sensitivity with high accuracy.

C. TIMING IMPROVEMENT BY MUX SELECTION SCHEME
A simplified readout circuit and a corresponding timing dia-
gram of proposed system is depicted in Fig. 4. It consists
of a voltage divider circuit embodied with Ry, R, buffer,
ADC, and decoupling capacitor (C.). The C. at ADC input
is implemented to reduce the interference generated from
power supply fluctuations. At any time, when an input voltage
Vin which has an amplitude of Vpp is applied to Ry, the
ADC \yj1age can be determined based on the values of R,.¢ and
Ry, which is denoted as V,,,,; in the timing diagram. To extract
the proper ADC output, a settling time (#;,) at the ADC input
is required, which takes at least a time of 5T [22]; where T is
the time constant for parallel RC circuit given by,

T = (Rref”Rs) x Ce. (11)
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FIGURE 5. Flow chart of the proposed method.

Hence, the required #; can be calculated as,
Iser = S(RrefHRs) x Ce. (12)

The maximum time of 7, arises for a combination of Ry
and R equals to 1 M2 (i.e., 5 x (1 MQ|| 1 M€2) x 1 nF =
2.5 ms), where the C, is set to optimal value of 1 nF sufficient
to avoid the supply fluctuations meanwhile reducing the delay
time. The settling time in unity-gain feedback of the OPAMP
used in the design is 1.6 us [42] which is negligible compared
to the settling time of 2.5 ms calculated using (12) and thus
can be neglected.

The total processing time (73, ) can be acquired as,

Tior = lacq + feonv + tMcu (13)

where, t,¢, is the sensor acquisition time which depends on
the value of s, tcony is the ADC conversion time (4 us from
LTC1859), and #ycy is the MCU processing time needed to
set the DPOT value via I>C, perform arithmetic operations,
and transferring the obtained data to GUI. Since triple sam-
pling is employed in the proposed scheme, 3 X ., is neces-
sary which is 7.5 ms to measure each sensor. Therefore, if all
of 118 sensors in the array are processed in order, #,., will
be 7.5 ms x 118 = 885 ms. Fig. 5 represents the flowchart
of proposed method. The proposed architecture uses four
different readout channels with a 32 x 1 MUX, a DPOT,
an OPAMP, and an ADC, respectively. In the flow chart, ‘j’
variable represents four readout channels, and ‘i’ variable
indicates 32 inputs of MUX. Once the system initialization
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is complete, the Ry value is read by tuning R, in three
consecutive iterations as explained in section III-A.

To reduce the time #;¢4, mux selection scheme is utilized
where 118 sensor data is acquired channel by channel, instead
of reading in series. As first step, the select lines of all four
MUXs are set by the MCU such that first mux input (i = 0) is
selected. During second step, DPOT value is set for all four
channels and a delay of 2.5 ms is given as f,. Thus, in a
span of 2.5 ms, ADC\jage Of all four channels are settled
down and ADC can digitize the voltage accurately. Since
triple sampling is employed, above steps are repeated during
2" and 3" iterations by tuning DPOT. This is followed
by incrementing the ‘7’ value until all 32 mux inputs are
acquired. As aresult, #,¢, for 118 sensors is reduced to a value
7.5 ms x 32 = 240 ms. It is demonstrated in experiment that
the overall measurement time is 1.01 s to collect, process,
and transfer the data of 118 sensors to GUI. This implies
a measurement speed of 8.5 ms to read each sensor output
including the 7., and the fy/cy .

IV. EXPERIMENTAL SETUP & RESULTS

The proposed system is tested electrically for verification.
To represent 118 chemiresistive sensor array, an electrical
equivalent model consisting of 118 resistor array is fabricated
on a PCB. It is realized by 0.1 % tolerance thin film discrete
resistors, where resistance varied from 1 KQ to 1 MQ. The
118 resistor array is connected to the designed readout board
using FPCB jumper cable. The USB cable is utilized to
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Resistance(kohms)

FIGURE 6. (a) Photo of test setup, (b) 118 resistor array readings
displayed in GUI.

TABLE 1. Measurement readings comparison between fixed reference
resistor and adaptive reference resistor tuning.

Re.p(KQ) Rineas(KQ) Error (%) Fluctuation (%)
Exp CM PM CM PM CM PM
10 15.89 10.08 -58.87 -0.76 16.81 0.33
15 20.98 15.13 -39.86 -0.88 14.23 0.38
49.9 54.71 49.81 -9.64 0.19 4.15 0.50
100 103.96 99.43 -3.96 0.57 2.19 0.30
300 301.44 | 299.17 -0.48 0.28 0.77 0.54
499 500.79 | 498.06 -0.35 0.19 0.79 0.35
750 747.53 | 751.78 0.33 -0.24 0.86 0.47
806 803.48 | 807.56 0.31 -0.19 0.93 0.52
909 900.23 | 906.68 0.96 0.26 0.73 0.46
1000 990.39 | 999.04 0.96 0.10 1.18 0.42

connect readout board and PC, to power up the board, and
to display the obtained data in customized GUI as shown
in Fig. 6. (a). In the GUI, resistance values of 118 sensors
are displayed, which varies with respect to time. The GUI
provides the option to select and monitor individual sensor in
the array and each sensor result is saved in the CSV format
file to record the sensor response. Fig. 6. (b) shows the output
of 118 sensors displayed in the GUI, which corresponds to the
resistance values in the 118 resistor array PCB.

Using the experimental setup in Fig. 6. (a), 118 resis-
tor array values are measured using both conventional
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TABLE 2. System performance summary.

Input resistance range 1 KQ-1MQ
Sensitivity +0.1 %
Number of sensors in array 118

Measurement speed 8.5 ms / sensor

Measurement time for 118 sensors 1.01s
Worst-case error 0.88 %

Supply voltage 5V

Power consumption 150 mW @5 V
ADC resolution 16-bits

Device dimension 10 cm X 6 cm

method (CM) where R, is fixed to Ry;;¢ and the proposed
method (PM) with ARRT technique. Table 1 shows the com-
parison results between two methods, where Error (%) pro-
vides insight on the deviation in the measured resistance value
(Rimeas) compared to expected resistance value (Rey,). The
Fluctuation (%) informs about the difference in the maximum
measured resistance and minimum measured resistance with
respect to Reyy, when same resistance is measured multiple
times in one hour.

From the TABLE 1, it is evident that the CM showed huge
error rates especially for smaller sensor resistance, whereas
the PM showed worst-case error of 0.88 %. These variations
were caused by the combination of the supply voltage fluc-
tuation of regulators by 5 V & 2 %, DPOT full scale error
of & 0.5 % LSB, step size limitations of DPOT due to 8-bit,
offset voltage of the OPAMP, 0.1 % tolerance of thin-film
discrete resistors in the resistor array, and the ADC conver-
sion error. The overall system performance is summarized in
Table 2.

The Fig. 7 illustrates the error analysis and linearity test
result of the CM and PM. The linearity test is performed by
comparing Ry, With Ry, throughout the target measure-
ment range. In CM, the absolute minimum error rate occurs
when Ry, =~ R,;q (at 500 K2) and increases as R, moves
away from R,,;4. In contrast, the PM proves that the measured
results have close correlation with the expected value with
a worst-case error less than 0.88 %. Also, the CM showed
a non-linearity in the results when Ry < Ry,r. However,
PM showed the linear response throughout wide range of
sensor resistance value, varied from 1 K2 to 1 MQ.

The comparison of proposed readout scheme with recent
existing methodologies is presented in Table 3. Compared to
R-T conversion scheme in [21]-[26], proposed system can
afford a wide range. In [21]-[26], as the sensor base resistance
increases, the conversion time also increases proportionally
due to the charging and discharging time. Although [27]-[28]
offers a wide input range, the proposed system demon-
strated a significantly better measurement time and accuracy.
Compared to the R-V techniques realized in [12]-[20], the
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FIGURE 7. (a) and (b): Error rate of CM and PM respectively, (c) and (d): Linearity test result of CM and PM respectively, in log scale.

TABLE 3. Performance comparison of existing chemiresistive sensor readout schemes with proposed system.

Ref Conversion Principle sNel:ll:)l:_Zr of (Sal)lsor Range Error (%) gtiassell[f;l:e(g)t time Microcontroller Year
This work | Resistance to Voltage 118 I1K-1M 0.88 85m PSoCSLP 2022
[12] Resistance to Voltage 10 x 10 2K-20K <0.61 NA MSP430F5418A 2015
[13] Resistance to Digital 1 IK-1M <0.05 96 m @ Rx=1 KQ ATmega328 2017
[14] Resistance to Voltage 1 100 NA 25.8m ATmega32A4 2016
[15] Resistance to Voltage 1 10-8M 2 NA Not used 2013
[16] Resistance to Voltage 1 100- 10 M 1.5 NA Not used 2012
[17] Resistance to Voltage 1 20K-1.1M 0.78 NA Not used 2020
[18] Resistance to Voltage 1 1K-05M 1 NA MSP430F5529 2020
[19] Resistance to Voltage 3 IK-1M 1 NA MSP430F5529 2022
[20] Resistance to Voltage 60 IK-1M 2.5 19.6 m PSoCSLP 2022
[21] Resistance to Time 1 100 - 150 0.12 2.58 m Atmega328P 2020
[22] Resistance to Time 1 100 - 146.2 0.06 53m ATmega328 2017
[23] Resistance to Time 1 50 -800 K 0.91 Sm ATmega328 2021
[24] Resistance to Time 1 1000 - 1100 0.33 NA ATmega328 2014
[25] Resistance to Time 28 100-16.2K 0.88 1.1m FPGA 2021
[26] Resistance to Time 1 1K-3K 1 8.5 Arduino Uno 2020
[27] Resistance to Frequency 17 200-10M 1 1 Mini STM32 2021
28] Resistance to Period 1 820K -9.1 M 4 NA Not used 2015

proposed system showed comparable performance in accu-
racy with a high speed and compact architecture, which is

VOLUME 10, 2022

critical to design an embedded readout system for large sen-
sor array. Our previous work, [20] is targeting the wearable
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application; thus, the critical performance criteria were small
form factor and low power consumption. So that, the accuracy
and speed were compromised in the previous work which
were 2.5 % and 19.6 ms per sensor, respectively. However,
in this work, the MCU firmware is significantly modified
to improve the accuracy by implementing a new technique,
which is the ARRT with triple sampling. Apart from that,
a mux selection scheme is embedded in the MCU, that aided
in improving the measurement speed. In spite of adopting a
higher density array from 60 to 118, the measurement speed
and accuracy were improved substantially compared to the
previous work.

Overall, the proposed system achieves the finest optimal
result in terms of accuracy, input resistance range, and the
measurement speed. To summarize, the salient features of the
proposed system which makes the system unique from exist-
ing methodologies are as follows: The system can achieve
a wide measurement range of 1 K - 1 MQ and the novel
ARRT with triple sampling technique implemented using
MCU firmware accomplished a high accuracy with worst-
case error rate of 0.88 %. The system accommodates a high
density sensor array up to 118 sensors and simultaneous
measurement can be performed, leading to a high speed
sensor interface. The prototype achieved a measure time of
merely 8.5 ms per sensor, for a 1 M2 resistance calculation,
equivalent to a 117 Hz sampling speed. This result is signif-
icantly faster than the existing works that target a wide mea-
surement range. Nevertheless, the system automatically tunes
the reference resistor to enhance the sensitivity of resistance
measurement. The auto tuning provides a flexibility to adjust
the DPOT value to sensor resistance value, which avoids the
ADC saturation and achieves wide range measurement.

V. CONCLUSION

In this work, a readout system suitable for the high density
chemiresistive sensor array in the range of 1 K - 1 MQ is
presented. A customized GUI is developed to control the
system, display the results, and save the data in the PC.
The designed readout is embedded with the R-V conversion
methodology using MUX, DPOT, ADC, and the MCU, pro-
viding a compact solution for portable applications, which
target high density chemiresistive sensor array to detect
variety of analytes. To enhance the sensor resistance range
of conventional R-V conversion method, we proposed the
R-V conversion with the ARRT and triple sampling tech-
nique. As a result, the proposed readout system can mea-
sure wide ranged chemiresistive sensor with relatively high
accuracy, where the worst-case error rate is 0.88 %. The
readout system also offers a high speed sensor interface with
a measurement time of only 8.5 ms per sensor. Compared
to existing chemiresistive sensor readout topologies, the pro-
posed system yields a magnificent optimal result in terms of
the measurement speed, input resistance range, and accuracy.
The system is implemented on a PCB with a compact dimen-
sion of 10 cm x 6 cm and suitable for a mass production at
low cost. The key applications for the proposed embedded
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system are toxic gas detection, indoor and outdoor air quality
monitoring, comprehensive breathing analyzers, VOC detec-
tion system, portable E-Nose etc. The target resistance range
of 1 KQ - 1 M covers majority of the chemiresistive gas
sensors that are used in the listed applications. The future
work includes testing the prototype with actual sensors inte-
grated to the readout system and to detect the target analytes
of various concentrations.
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