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Abstract This chapter reviews advanced techniques for the direct connection of
resistive sensors to digital systems without using any analogue circuit, such as an
amplifier or an analogue-to-digital converter, in the signal path. The sensor elec-
tronic interfaces proposed herein rely on the following operating principle: the
digital system measures through an embedded digital timer the charging/
discharging time of an RC circuit formed by the resistive sensor and a known
capacitor. The chapter first explains how resistive sensors with a single, differential
or bridge topology can be directly measured using a low-cost microcontroller. The
uncertainty sources involved in the measurement (such as the mismatch of the
internal resistances, quantisation and trigger noise) and the performance in some
applications are reported. Next, the chapter deals with the direct connection of
resistive sensor arrays to field-programmable gate arrays, where different resis-
tances of the array are measured in parallel through a set of timers running
simultaneously. The new uncertainty sources (mainly, crosstalk) and the applica-
tions are also reported. Although the proposed sensor interfaces are quite simple in
terms of operating principle, their linearity and resolution are quite remarkable
provided that the design rules indicated along this chapter are followed.
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1 Introduction

In the society of the 21st century, many people have smart home appliances inside
smart buildings located in smart cities whose streets are full of smart cars. Almost
everything is getting smart thanks to the proliferation of information and commu-
nication technology and the deployment of technologies such as wireless sensor
networks and the internet of things. To become smart, it is essential in the first place
to monitor through sensors what is happening in and/or around the smart thing. The
data collected is processed and then a smart decision is taken with the aim of
improving the safety, efficiency, sustainability, mobility, etc. of the smart thing and,
hence, the people’s quality of life.

Real-time monitoring systems employ sensors to acquire information, the same
as human beings use their senses. The information acquired can be very diverse, for
instance: the carbon monoxide (CO) concentration in air in a smart city, the tire
pressure in a smart car, the vibration level in a smart building, or the laundry weight
in a smart washing machine. The magnitude of the measurand (e.g. CO concen-
tration, pressure, vibration and weight) determines the magnitude of the electrical
signal (e.g. resistance, capacitance, voltage or current) provided at the sensor out-
put. Anyhow, such an electrical signal is generally of low amplitude and carries
some noise and, therefore, an electronic interface is required between the sensor and
the processing digital system so as to correctly extract the information of interest.

A classical block diagram of a sensor electronic interface is shown in Fig. 1 [1].
The sensor output signal is first processed in the analogue domain by a signal
conditioning circuit that generally relies on operational amplifiers (OpAmp). The
main functions of this block are level shifting and amplification so as to match the
sensor output span to the input span of the ensuing analogue-to-digital converter
(ADC) and, hence, to make good use of the ADC dynamic range. Other common
tasks of the signal conditioning circuit are: sensor output-to-voltage conversion,
filtering, linearization and/or demodulation. The resulting analogue signal is then
digitized via the ADC. Finally, a digital system acquires, stores, processes, controls,
communicates (to other devices or systems) and/or displays the digital value with
information about the measurand. Nowadays, the most popular digital systems are
microcontrollers (uC) and Field-Programmable Gate Arrays (FPGA).

The sensor electronic interface shown in Fig. 1 can be implemented in various
ways, for example: (i) each block has its own integrated circuit (IC) and then those
are interconnected in a printed circuit board (PCB); or (ii) an application-specific IC
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Fig. 1 Classical block diagram of a sensor electronic interface
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(ASIC) including the electronics of the four blocks shown in Fig. 1 is designed.
Intermediate solutions are also offered by the main semiconductor companies
through commercial ICs that include: (i) some signal conditioning circuit, the ADC
and the digital system (e.g. MSC1210 from Texas Instruments, TI); (ii) the sensor,
its signal conditioning circuit and the ADC (e.g. ADXL312 from Analog Devices,
AD); and (iii) the signal conditioning circuit and the ADC to measure a specific
type of sensor (e.g. ADS1232 from TI for bridge-type resistive sensors and
AD7745 from AD for capacitive sensors). These chips including the sensor together
with analogue and digital electronics are commonly known as integrated smart
sensors [2].

An alternative approach to reading some sensors (e.g. resistive [3—5], capacitive
[6-8], inductive [9, 10] and voltage-output [11] sensors) is shown in Fig. 2. This
circuit topology is known as direct interface circuit since the sensor is directly
connected to the digital system without using either the signal conditioning circuit
or the ADC [12, 13]. The digital system excites the sensor to get a time-modulated
signal that is directly measured in the digital domain through a digital timer
embedded into the digital system. In comparison with the sensor electronic interface
shown in Fig. 1, a direct interface circuit is simpler and needs fewer components.
Actually, it can be implemented with a common general-purpose 8-bit pC which is
a low-cost (say, 1 $) and low-power (say, about 1 mA in active mode and less than
1 pA in power-down mode [14]) device. Therefore, a direct interface circuit offers
advantages in terms of cost, physical space and power consumption, which is of
major interest, for instance, in autonomous sensors powered by either batteries or
energy harvesters. Furthermore, as will be shown along this chapter, the perfor-
mance of such circuits in terms of accuracy and resolution is quite remarkable
taking into account their simplicity.

This chapter reviews most of the research work carried out about direct interface
circuits for resistive sensor and is organized as follows. Section 2 describes the
operating principle of such circuits. Section 3 explains how a pC can be applied to
measure different topologies of resistive sensors. Section 4 does the same but using
FPGA applied to resistive sensor arrays. Finally, Sect. 5 takes some conclusions
and forecasts the future research work about this topic.

2 Operating Principle

Direct interface circuits for resistive sensors rely on measuring the charging or
discharging time of an RC circuit, i.e. a circuit with a resistance (R) and a capac-
itance (C), as shown in Fig. 3a. The digital system excites the RC circuit and then
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Fig. 3 a RC circuit; b measurement of the charging time; and ¢ measurement of the discharging
time

measures the time interval needed to charge or discharge the capacitance C to a
given threshold voltage through the sensor resistance.

The basics of the operating principle for the measurement of the charging time
and the discharging time are explained by means of Fig. 3b, c, respectively. In
Fig. 3b, assuming C initially discharged, if a step of amplitude V, is applied to the
input of the RC circuit, then the transient response of the output voltage is

vo(t):Vl(l—e_ﬁ), (1)

and the time required to charge C from 0 to a given high threshold voltage (V) is

T.=RCn (L> : 2)

1= V1H

which is proportional to R. On the other hand, in Fig. 3c, assuming C already
charged to Vi, if a step towards ground is applied to the input, then the transient
response of the output voltage is

Vo(t) = Vie e, 3)

and the time needed to discharge C from V; to a given low threshold voltage (V1)
is

Ty=RC In <ﬂ> )

TL

which again is proportional to R. Therefore, in an RC circuit, changes of resistance
are proportionally converted to changes of time interval.

The RC circuit in Fig. 3a can be directly connected to a digital system using the
circuit topology shown in Fig. 4a, where R has been replaced by R, (i.e. a resistive
sensor). Two input/output digital ports (pins 1 and P) are employed to excite the RC
circuit and to monitor through a Schmitt trigger (ST) buffer embedded into Pin 1 the
exponential charging or discharging voltage represented before in Fig. 3b, c,
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Fig. 4 a Basic topology of a direct interface circuit for a resistive sensor; b pin configuration
during the charging stage; and ¢ pin configuration during the discharging and measurement stage

respectively. This circuit can measure either the charging time or the discharging
time, but the measurement of the latter is preferable since it has lower variability.
This is because the discharging-time measurement uses the Vyp of the ST buffer,
which is less noisy than the Vry used for the charging-time measurement [15]. For
this reason, the rest of the chapter always assumes that the direct interface circuit
measures the sensor resistance through the discharging time.

The circuit in Fig. 4a involves two operation stages: charging stage, and dis-
charging and measurement stage. During the charging stage, Pin 1 is set as an
output providing a digital ‘1’, whereas Pin P is set as an input offering high
impedance (HZ), as shown in Fig. 4b. Therefore, the capacitor C is quickly charged
to the analogue output voltage (V) corresponding to a digital ‘1’, which is gen-
erally equal to the supply voltage (Vpp) of the digital system. During the dis-
charging and measurement stage, Pin 1 is set as a HZ input and Pin P is set as an
output providing a digital ‘0’, as shown in Fig. 4c. Consequently, C is discharged
towards ground through R, while a digital timer (embedded into the digital system)
measures the time interval required to do so. When the exponential discharging
voltage crosses the Vr of the ST buffer embedded into Pin 1, the timer is read and a
digital number proportional to R, (see Eq. (4)) is achieved.

3 Interfacing Resistive Sensors to Microcontrollers

The operating principle explained in Sect. 2 can be implemented by a uC to
measure resistive sensors with a single, differential or bridge topology. Next, we
discuss the main features of both the sensor and the uC, and then we explain how to
join them to build a direct interface circuit. The uncertainty sources involved in the
measurement and the application of the proposed circuits are also reported.



144 F. Reverter et al.

3.1 Sensor

In monitoring systems based on resistive sensors, the measurand directly or indi-
rectly alters the electrical resistance (R) of a resistive element that can be modelled
as

[

R=p. (5)
where p is the resistivity of the material, and / and A are the length and
cross-sectional area of the conductor, respectively. Any of the three parameters
involved in Eq. (5) can be altered by the measurand, thus causing a change of
resistance.

Resistive sensors can be classified according to the number of sensing elements
that make up the sensor and how these are interconnected, with the following three

types:

(a) Single resistive sensors, with one sensing element whose resistance (R,)
changes with the measurand, as shown in Fig. 5a. Such a resistance can be
modelled as

R,=Ro+AR=Ry(1 £xg) (6)

where Ry is the nominal resistance at a reference value of the measurand, AR is
the change of resistance due to (and, for some sensors, proportional to) the
measurand, and xg is the relative change of resistance (i.e. xg = AR/Ry). These
sensors are commonly employed to measure temperature (e.g. platinum sensors
and thermistors), light (e.g. light-dependent resistors, LDR), gas (e.g. tin
dioxide gas sensors) and humidity.

(b) Differential resistive sensors, with two sensing elements (R,; and R,,) that
share a terminal, as shown in Fig. 5b, and undergo opposite changes: a change
of the measurand causes an increase of R,; and a decrease of R,, or vice versa.
Such resistances can be modelled as

Fig. 5 Resistive sensor with (a) (b)
a single, b differential, and
¢ bridge topology
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Rxl =R0(1 ixR) (7)
sz =R0(] $XR) ’

where xy is assumed to be equal in magnitude but opposite in direction for R,
and R,. Such a differential topology is quite often implemented through
potentiometric sensors that are applied to measure linear or angular
position/displacement, pressure (e.g. sensors based on Bourdon tubes) and
liquid level (e.g. float-based sensors).

(c) Bridge-type resistive sensors, with one, two or four sensing elements in a
Wheatstone bridge, thus resulting in a quarter-bridge, half-bridge or full-bridge
sensor, respectively. For the full-bridge topology shown in Fig. Sc, which is the
most popular since it provides the highest sensitivity, the four sensing elements
undergo the same xg but with opposite signs as follows

RX1=RX =R0(1iXR) (8)
Ry, =R :Ro(l ixR) ’

These sensors are commonly used to measure weight (e.g. load cells based on
metal strain gages), pressure (e.g. sensors based on semiconductor strain gages)
and magnetic field [e.g. Anisotropic (AMR) and Giant (GMR) Magnetoresis-
tive Sensors].

3.2 Microcontroller

A uC is a programmable processor-based digital IC widely used in control and
measurement electronic systems. It has three main blocks embedded: (i) a central
processing unit (CPU), which executes instructions sequentially; (ii) a memory,
which saves the instructions to be executed and data to be processed; and (iii) pe-
ripherals, which enable the uC to interact with the off-chip world. The peripherals
can be digital (e.g. a timer/counter), analogue (e.g. an analogue comparator), or
mixed (e.g. an ADC). However, the direct interface circuits of interest exclusively
need digital peripherals, to be precise: input/output digital ports (if possible, with a
ST buffer embedded) and a digital timer (if possible, of 16 bits). With regard to the
number of bits of the CPU, 8 bits is enough for direct interface circuits, with the
corresponding benefits in terms of power consumption.

The tasks of the digital system shown in Fig. 4 can be implemented by a uC
following the operating principle represented in Fig. 6. First of all, the start of the
discharging-time measurement is synchronized with the timer. Once the measure-
ment has been started, the timer increases by one at every rising edge of its ref-
erence oscillator whose period equals Ts. Then, when the exponential discharging
voltage crosses the V. of the ST buffer embedded into Pin 1, the timer stops.
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Fig. 6 Discharging-time Timing
measurement carried out by starts
the uC
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In Fig. 6, the measurement result is the digital number 8, which has information
about the value of the sensor resistance included in the RC circuit.

In order to have an accurate measurement of the discharging time shown in
Fig. 6, the pC should have the following:

e A crystal oscillator as a reference for the embedded timer, whose temperature
coefficient and time drifts are very low.

e A reference oscillator of high frequency (nowadays, it can be up to tens of MHz)
to reduce the quantisation error in the discharging-time measurement. The
higher the frequency, the better the resolution, but also the higher the power
consumption.

e A capture module associated to Pin 1 (see Fig. 4) to automatically capture the
value of the timer when the voltage-threshold crossing occurs, regardless of the
instruction being executed by the CPU.

e A CPU with a power-down (or sleep) mode to suspend its activity and, hence, to
reduce the noise during the discharging-time measurement [16], provided that
the timer and the interrupt system keep working in this operating mode. This
feature is also of interest to decrease the power consumption.

e An appropriate decoupling capacitor between the power supply pins and a
suitable layout of the ground and supply tracks of the PCB to have a clean
supply voltage and, consequently, a clean Vrp [15].

The measurement of time-modulated signals with a slow slew rate (i.e. a slow
transition from ‘1’ to ‘0’, or vice versa) is very susceptible to noise. In the case
shown in Fig. 6, the comparison between the two voltages (i.e. the discharging
voltage and V1) can be erroneously triggered due to noise superimposed on either
of the two voltages, thus resulting in a wrong value of the digital number. There-
fore, any initiative promoting the reduction of trigger noise in the circuit (e.g. power
supply noise or CPU-activity noise) will improve the resolution of the
measurement.

Nowadays, there are many commercial uCs from different semiconductors
companies but with quite similar features that can be employed to build a direct
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interface circuit. Some examples are: PIC16 family from Microchip Technology,
MSP430 family from Texas Instruments, and AVR family from Atmel. Low-power
versions of these uCs (e.g. PIC16 with extreme low power technology, or MSP430
with ultra-low power technology) are also available. Direct interface circuits have
been implemented using different commercial uCs, but the performance seems to be
fairly independent of the uC employed.

3.3 Interface Circuits

The resistive sensor topologies shown in Fig. 5 can be directly measured by a uC
through the interface circuits proposed in Fig. 7. In comparison with the circuit
shown in Fig. 4, the circuits in Fig. 7 have two additional resistors: R; between Pin
1 and Node 1, which improves the rejection of power supply noise/interference [17]
at the expense of a longer charging stage; and R between Node 1 and the sensor,
which ensures that the discharging current is lower than the maximum output
current sunk by a port pin even when the sensor resistance is very low.

The direct interface circuit proposed for single resistive sensors is shown in
Fig. 7a [3], which applies the three-signal auto-calibration technique to have a
measurement result insensitive to both multiplicative and additive errors of the
circuit [18]. In order to apply such a technique, three measurements are performed
sequentially: (1) sensor measurement, which is intended to measure the discharging
time through R,; (2) reference measurement, which is intended to measure the
discharging time through a reference resistor (R.f) whose value is known; and
(3) offset measurement, which is intended to measure the discharging time through
the internal resistance (R,,) of the port pins of the uC. The waveform of the voltage
across C in a whole measurement is shown in Fig. 8. The state of pins 2, 3 and 4 in
Fig. 7a during the discharging stages and the resulting discharging time for each of
the three measurements is summarised in Table 1, where kg = C - In(V{/Vqyp).

(a) (b) (©)
R ) Pin
Pin 4 A Pin 4
Pin 3 Pin 4]
Pin 2 i
Pin 3 Pin 3
Pin 2 Pin 2

Pin 1 Pin 1

Pin 1

nC nC

nC

Fig. 7 Interface circuit for a a single, b differential, and ¢ bridge-type resistive sensor
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Fig. 8 Waveform of the voltage across C during the charge-discharge process for each of the
three measurements involved in the circuit shown in Fig. 7a

Table 1 Pins configuration and discharging times for the circuit in Fig. 7a

Measurement Pin 2 Pin 3 Pin 4 Discharging time

Sensor ‘0 HZ HZ T, = kr(Rs + R, + Ry)
Reference HZ HZ ‘0 Tref = kr(Rs + Ryer + R;,)
Offset HZ ‘0 HZ Torr = kr(Rs + Ry,)

Table 2 Pins configuration and discharging times for the circuit in Fig. 7b

Measurement Pin 2 Pin 3 Pin 4 Discharging time
Sensor #1 HZ ‘0 HZ T\ = kr(Rs + Ry + Rp)
Sensor #2 HZ HZ ‘0 T> = kr(Rs + Ry» + Rp)
Offset ‘0’ HZ HZ Torr = kr(Rs + Ry,)

Using the three discharging times (7, Tir and Tog), the sensor resistance can be
estimated by

w To—Tor
R = ———Rs, 9
* Tref - Toff b ( )

which is insensitive to the tolerance and low-frequency variability of C, V| and V.
A circuit similar to that shown in Fig. 7a but including diodes and switches has also
been proposed to measure remote resistive sensors cancelling the effects of the
connecting lead resistances [19].

For differential resistive sensors, we propose the direct interface circuit shown
in Fig. 7b [4], which also carries out three measurements: (1) sensor measurement
#1, (2) sensor measurement #2, and (3) offset measurement, which are intended to
measure the discharging time through R,;, R, and R,, respectively, applying the
pins configuration indicated in Table 2. Using the three discharging times (T, T,
and T,g), the parameter xg of the differential sensor can be estimated by
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Table 3 Pins configuration and discharging times for the circuit in Fig. 7c

Measurement |Pin 2 |Pin 3 [Pin 4 |Pin 5 | Discharging time

Sensor #1 HZ ‘0 HZ HZ T = kg[Rs + (Rull(Ry; + Ri» + Ry3)) + Ry]
Sensor #2 HZ HZ ‘0 HZ T, = kg[Rs + (R + RWI(R,y + Ry»)) + Ry]
Sensor #3 HZ HZ HZ ‘0’ T3 = kr[Rs + (Roll(Ry + Rz + Ruw)) + R,]
Offset ‘0 HZ HZ HZ Torr = kr(Rs + Ry,)

x; = & (10)
T+ 1> —2T ot

Note that here it is better to estimate the measurand by means of xi rather than
R, (or R,,), since R, (or R,,) can also be altered by undesired inputs such as
temperature, thus causing multiplicative errors. Moreover, unlike the measurement
of single resistive sensors, here xg can be estimated without using any reference
resistor.

Resistive sensors in a bridge topology can be directly connected to a uC using
the interface circuit shown in Fig. 7c [5, 20]. This circuit measures four discharging
times (7', T», T5 and T,g) applying the pins configuration indicated in Table 3,
where the symbol “II” means in parallel. For a full-bridge topology, the parameter
xr of the sensor can be estimated by

w=h (11)
T, — Tose
For other bridge topologies, xg can be estimated using other time-based equa-
tions [5]. Furthermore, for sensors whose output is temperature dependent (e.g.
piezoresistive pressure sensors), the result obtained from Eq. (11) can be easily
corrected by estimating the temperature through the sensor itself [21].

3.4 Uncertainty Sources

The direct interface circuits proposed in Fig. 7 measure three (or four) discharging
times and then use them to estimate the sensor resistance or the relative change of
resistance through Egs. (9)—(11). This operating principle involves the following
uncertainty sources:

(a) Mismatch of the internal resistances: For a CMOS pC, R, corresponds to the
channel resistance of the NMOS transistor embedded into the output buffer that
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(b)
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provides a digital ‘0’. In Sect. 3.3, we have assumed that R, was the same for
all the port pins of the pC. However, there is a mismatch between those internal
resistances that brings about systematic errors in the measurement. If this
mismatch is considered, the estimated value (R, and xg) can be expressed in
function of the actual value (R and xg) for the single [3], differential [4] and
bridge [20] topology as follows, respectively,

« AR

sz(Rx+AR23)<1 - 43) (12)

Rref

® AR43 AR23 + AR24

~ - I+ —— 13
R (xR 2R, )( TR ) (13)

* AR35 AR24
~ 1 s 14
xR (xR+ R, )( + Re > (14)

where AR23 = sz - Rp3, AR43 = Rp4 - Rp3, AR24 = sz - Rp4 and AR35 =
Ry3 — Rps. According to Egs. (12)—(14), we have R, =R_ and xg =xz only
when the internal resistances are matched, otherwise there are offset and gain
errors. If the mismatch between internal resistances (AR,) is a few tenths of
ohm [3] and the sensor resistance is higher than 1 k€, the resulting AR,/R is
very low. Therefore, offset and gain errors due to internal resistances are
expected to be in the range of 0.01%.

Quantisation: The starting point of the discharging-time measurement is
synchronized with the program executed by the pC and, hence, there is no
quantisation error at this point. However, the stopping point does suffer from
quantisation effects, as shown in Fig. 6. Because of these, the relation between
the discharging time to be measured (7) and the measurement result (7)) has a
quantisation error (i.e. Ty — Ty) that ranges from —Ts to O [4]. Equations
(9)—-(11) can compensate for offset and gain errors obtained during the
discharging-time measurements, but not for the non-linearity error caused by
quantisation. This non-linearity error in the discharging-time measurement
causes offset, gain and/or non-linearity errors in the estimation of R, and xr [4].
However, such errors are very low when a high-value capacitance (C in Fig. 7)
is employed, but at the expense of a longer measuring time.

Trigger noise: The use of a high-value capacitance to reduce the effects of
quantisation can cause some non-desired secondary effects. The higher the
capacitance, the lower the slew rate at the stopping point of the
discharging-time measurement and, hence, the higher the effects of noise
coming from the supply voltage or the activity of the CPU. Due to this noise,
the discharging-time measurement shows some variability, i.e. different digital
numbers are obtained in the digital timer for the same value of the measurand,
thus limiting the resolution. Accordingly, the measurement resolution is not
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only limited by quantisation but also by the trigger noise [22]. Nevertheless and
unlike what happens with quantisation effects, trigger noise effects can be
reduced by averaging provided that the noise is random, but again at the
expense of a longer measuring time.

(d) Others: There are other uncertainty sources affecting the measurement but their
effects are expected to be less significant. A first example is the input leakage
current of the pins set as a HZ input during the discharging stage. However, in
modern low-power microcontrollers (e.g. PIC16F with extreme low power
technology), such a leakage current is 5 nA that is a million times lower than
the operating current of the circuit when measuring resistances of units of
kiloohm and, therefore, their effects are negligible. Another minor uncertainty
source is the dielectric absorption (DA) of the capacitor of the RC circuit. To
cope with that, it is not advisable the use of electrolytic capacitors whose DA is
higher than 10%, but the use of “poly” type capacitors, such as polycarbonate or
polypropylene, whose DA is lower than 0.1%.

3.5 Applications

The direct interface circuits for resistive sensors shown in Fig. 7 have been applied
to measure many physical and chemical quantities, for example: temperature [3],
magnetic field [5], atmospheric pressure [23, 24], gas [25, 26], light [27] and

Table 4 Applications of the direct interface circuits for resistive sensors shown in Fig. 7

Reference [3] [4] [5]

uC PIC16F873" AVR ATtiny2313° MSP430F123°¢

Supply voltage 5V 5V 3V

Ref. oscillator 20 MHz 20 MHz 4 MHz

Sensor Temperature sensor Potentiometric Magnetoresistive
(Pt1000) sensor (1 kQ) sensor (HMC1052%)

Topology Single Differential Full-bridge

Interface circuit Figure 7a Figure 7b Figure 7c

Capacitor (C) 2.2 yF 470 nF 2.2 pyF

Other Rer = 1470 Q R, =470 Q R; =120 Q

components R, =330 Q R, =100 Q

Meas. range [—45, 120] °C [-100, 100]%° [75, 600] uT

Max. NLE' 0.01% FSS® 0.01% FSS 1.8% FSS

ENOB" 11 b (5 ms) or 11.5 b (1 ms) or 7 b (50 ms)

(measuring time) 12.5 b (50 ms) 13 b (100 ms)

*From Microchip Technology. "From Atmel. “From Texas Instruments. “From Honeywell. “Such a
range means that the movable common terminal of the potentiometric sensor moves from one end
to the other. 'NLE stands for non-linearity error. 8FSS stands for Full-Scale Span. "ENOB stands
for Effective Number Of resolution Bits
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respiratory rate [28]. The performance of these circuits in some of the previous
applications using different commercial uCs is summarised in Table 4.

Taking into account the simplicity of the proposed interface circuits, the values
of non-linearity and resolution shown in Table 4 for the first two cases [3, 4] are
quite remarkable. In these cases, the non-linearity error is mainly due to the effects
of quantisation in the discharging-time measurement, whereas the resolution is
determined by the effects of both quantisation and noise affecting the
voltage-threshold crossing. The experimental results for the third case in Table 4
[5], however, are not as excellent as the previous ones. On the one hand, this is due
to the non-linearity of the commercial sensor tested; in other words: if the direct
interface circuit in Fig. 7c measures a bridge circuit emulated by resistors instead of
such a sensor, the maximum non-linearity error of the circuit is about 0.1% FSS. On
the other hand, the lower value of resolution is due to the low sensitivity of the
commercial sensor. As a rule of thumb, direct interface circuits are able to detect
changes of resistance of about 0.1 Q, which is a very low value when measuring a
temperature sensor [3] but not when measuring such a magnetoresistive sensor
whose dynamic range is around +6 Q.

4 Interfacing Resistive Sensor Arrays to FPGAs

As the complexity of the system and the number of sensors to be measured increase
(e.g. array sensors composed by a high number of sensing units), uCs may not have
enough resources to implement the techniques described in Sect. 3. In such a case,
FPGAs can be a good alternative since they have a high number of I/O pins and
also reconfigurable hardware resources to build timer-capture modules operating in
parallel. Next, we explain the main features of array sensors and FPGAs, and how
to join them to build a direct sensor-to-FPGA interface circuit.

4.1 Array Sensor

Array sensors are composed of many sensing units. These arrays are built to obtain
spatial patterns (for instance, a pressure map in tactile sensors) or exploit redun-
dancy to improve sensitivity or selectivity (for example, in electronic noses). Many
array sensors are small and implemented with microelectromechanical technologies
or conventional technologies for ICs. This is the case of smart vision chips or arrays
of thermopiles for infrared imaging. These array sensors commonly incorporate
signal conditioning circuitry on the same substrate and, hence, the concept of direct
interfacing is not the best choice for them. However, there are discrete arrays of
sensors, such as arrays of MOX gas sensors [29], whose interface with the
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Fig. 9 Architecture of an array sensor a with one selection track per sensing unit, and b addressed
in rows and columns

processing electronics could be noticeably simplified through direct connection.
Moreover, direct interfacing is especially suitable for large-size sensors of different
shapes, for instance those made with printable electronics. Conductive polymer gas
sensor arrays [30], thermal imaging sensors [31] and tactile sensors [32] have been
implemented with these technologies.

Regarding its architecture, an array sensor with M rows and N columns can be
built with either one selection track per sensing unit in the array or organized in a
row and column fashion where many sensing units share the selection tracks, as
shown in Fig. 9a, b, respectively. The latter is obviously advantageous in terms of
cost and complexity of hardware. However, shared connections create parasitic
current paths that may originate crosstalk between sensing units.

4.2 FPGA

FPGAs are close to ASICs in terms of performance for real-time computing,
although ASICs exhibit better dynamic response-power consumption trade-off. The
main advantage of FPGAs is that they are programmable, thus allowing rapid
system prototyping at low cost. FPGAs are basically composed of cells that have
local memory such as flip-flops and are able to perform logic functions. These logic
cells are connected through switches to vertical and horizontal routing channels, so
the hardware is configurable. The same routing matrix connects the logic cells to a
high set of I/O pins. Besides the distributed local memory, FPGAs usually have
memory blocks and may incorporate more complex blocks such as multipliers.
Advanced versions of FPGA also implement processors as embedded cores, thus
resulting in powerful devices called Programmable Systems-on-Chip. The
embedded processors can be programmed in high-level languages, while config-
urable logic is programmed with graphical tools such as circuit schematics or with
hardware description languages (HDL). The main vendors of FPGAs are Xilinx and
Altera providing a large portfolio of devices with different technologies, number of
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I/O pins, number of logic cells, memory and dedicated resources for digital signal
processing and communications, and performance in terms of power consumption.

The architecture of an FPGA described before allows replicating the same block
(e.g. a digital timer) and, consequently, these devices are capable of parallel signal
processing and computation, which is of high interest in digital signal processing
and robotics applications. This inherent parallel processing capability increases the
bandwidth and reduces the input-output delay in control loops in comparison with
the sequential operation of a pC. In addition, since FPGAs are mainly intended to
interface to digital devices, they have a high number of I/O pins. These two
characteristics make them especially suitable to implement direct interfaces for
array sensors. Note, however, that FPGAs are more power demanding than uCs.
Moreover, FPGAs are much more limited than pCs regarding the interface to
analogue electronics because they do not commonly include ADCs or analogue
comparators.

Regarding the issues involved in the concept of direct interfacing depicted in
Fig. 4, FPGAs can easily be configured to have embedded digital timers measuring
the discharging time of the RC circuit. They also have enough I/O digital pins to
control the charge/discharge process of the RC circuit. These I/O pins, however, do
not commonly have a ST buffer. In any case, the flexibility of the FPGA allows
building dedicated hardware capture modules with similar or better performance
than that of ST buffers in terms of noise rejection. I/O drivers are flexible and can be
set in different modes such as ‘high impedance’ and ‘strong drive’. The current sunk
or sourced by an I/O pin is obviously limited, as in a uC. I/O pins also have
non-zero output impedance, which may cause crosstalk errors in the measurement
circuit. The clock block in FPGAs allows a flexible managing of the clock, for
instance to increase the frequency of the reference clock signal and reduce the
quantisation error. Current FPGAs can run at several hundreds of MHz.

Finally, the same requirements as those mentioned in Sect. 3.2 to have an
accurate measurement of the discharging time apply here. Specifically, a stable
reference oscillator, careful layout design, and decoupling capacitors are necessary.

4.3 Interface Circuits

If the measurement system has a large set of resistive sensors in an array topology,
the straightforward approach to measuring them is to use a replica of the circuit in
Fig. 7a for each sensing unit. Since the circuits for each sensor would be inde-
pendent of each other, this approach would not suffer from crosstalk between
sensors. However, a number of connections at least as high as two times the number
of sensors would be required to address the array sensor. Moreover, a capacitor and
a timer-capture module would also be needed per sensor.

A step in the direction of reducing the cost and complexity of the hardware is to
share the capacitor and the timer-capture module. This can be done with the
architecture of Fig. 9a and the interface circuit shown in Fig. 10. The array sensor is
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CL, CL, CLy Py Py Puy
Capture Capture Capture
Module 1 Module j Module N FPGA

Fig. 10 Interface circuit for an array sensor with one selection track per sensing unit

read as follows. First, the capacitors C; with 1 <j <N are charged by setting pins
CL; to ‘I’ and the remaining I/O pins to HZ. Then, a whole row is selected by
setting its corresponding I/O pins to ‘0’. For instance, pins of the ith row P; with
1 <j<N are set to ‘0’ while the remaining pins Py; with k#i are set to HZ. The
capacitors are then discharged through the sensing resistances of that row and the
exponential discharging voltages across them are monitored independently by pins
CL;, which are set to HZ. A set of timers are started at the beginning of the
discharging phase and they are stopped when Vyy is reached at the related column
pins. Therefore, a whole row is read in parallel. Techniques similar to those
described in Sect. 3.3 can also be applied here to improve the accuracy by adding
reference resistors. In this case, a row of reference resistors can be added to carry
out the three-signal auto-calibration technique.

Large array sensors addressed in rows and columns, as shown in Fig. 9b, can be
interfaced to the FPGA using the circuit shown in Fig. 11, where passive integrators
are replaced by active ones implemented by OpAmps. The basics of this circuit are
explained through Fig. 12 involving two stages. In the charging stage shown in
Fig. 12a, the OpAmp is shut-down by pin Sh and C is charged to V;. In the
discharging stage shown in Fig. 12b, the timer starts, the OpAmp is turned on and
the current through R, is integrated into C. Therefore, the voltage at Pin 1 linearly
decreases until Vpp is reached and then the timer stops, as shown in Fig. 12c. The
discharging time can be expressed as

T;=R.C(Vi = Vr)/V1 (15)

As in Fig. 10, the array sensor in Fig. 11 is scanned so that all the resistances in
a row are measured at the same time. In a first phase, the selection pins P; with
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Fig. 11 Interface circuit for an array sensor addressed in rows and columns
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Fig. 12 Basic topology of the interface circuit with an active integrator employed in Fig. 11. Pin
configuration during a the charging stage, and b the discharging stage, and c the resulting
discharging time
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1<i<Maresetto ‘0’, CL; with 1 <j <N are set to ‘1°, pins Z; are set to ‘0’, Pin Sh
is set to ‘1’ and the capacitors C; are charged to V. In the second phase, a row is
selected and the set of timers start counting. For instance, pin P; is set to ‘1’, thus
resulting in a voltage drop V across the resistances R;;. The OpAmps are turned on
by setting pin Sh to ‘0’, and pins CL; and Z; are now at HZ. Therefore, currents
ipj=V1/R;; flow into the integrators and, consequently, the voltages at pins CL;
decrease until Vr is reached at every pin CL;, with the corresponding stop of the
timer. At this time, Z; is set to ‘0’ so as to avoid that the voltage at the inverting
input of the OpAmp grows and interferes the measurement of other resistances.
Note that the columns in Fig. 11 are virtually grounded thanks to the negative
feedback loop of the OpAmp, thus following a common strategy [33] to short
circuit the non-selected resistances and, hence, to avoid any contributing parasitic
current to the output.

The total number of I/O pins dedicated to address the array sensoris (M + 1) X N
in Fig. 10, whereas is 2X N +M +1 in Fig. 11. For instance, an array of 8 X 8
resistances requires 72 I/O pins in Fig. 10, but 25 in Fig. 11.

4.4 Uncertainty Sources

The interface circuits for array sensors shown in Figs. 10 and 11 suffer from
uncertainty sources similar to those described in Sect. 3.4. However, additional
errors arise due to the I/O features of the FPGA and to the array nature of the
sensors. These novel uncertainty sources are described next.

(a) Trigger noise: As said in Sect. 3.4, trigger noise alters the threshold voltage
and the discharging voltage signal, so the discharging time is affected in con-
sequence. The use of an I/O pin with a ST buffer in uCs reduces this uncer-
tainty because crosses of the discharging signal with the threshold after the first
one are ignored thanks to the hysteresis of the buffer. Unfortunately, FPGAs
generally do not have ST input buffers so the contribution of the trigger noise is
significant in a straightforward realization where the output of the input buffer
is used to stop the timer. Embedded resources of the FPGA can be configured to
build smart capture modules [34] that detect the first change of logical value at
the input buffer when the input signal reaches the threshold (label F in Fig. 13).
This can be done by adding positive feedback in digital circuits to achieve the
memory of the hysteresis cycle or with a level triggered latch. In addition, the
flexibility of the storage elements in the FPGA to be synchronized with both
edges of the clock signal, and also the detection of not only the first (label F in
Fig. 13) but the last (label L in Fig. 13) transition at the output of the input
buffer can be exploited to carry out averaging. This actually filters part of the
trigger noise and achieves more precision without losing bandwidth.

(b) Crosstalk: An additional source of uncertainty in the sensor topologies shown in
Fig. 9 with respect to those described in Sect. 3 is crosstalk. The sharing of circuit
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Fig. 13 Effects of trigger noise when a ST buffer is not employed
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Fig. 14 Crosstalk due to the parasitic capacitances in the interface circuit shown in Fig. 10

components to lower the cost has the drawback of introducing such an error. As a
consequence, the timing does not depend only on the value of the resistance that is
being measured but also on the value of other resistances in the array.

Regarding the interface circuit in Fig. 10, crosstalk is mainly due to parasitic
capacitances associated to connection tracks and I/O buffers set at HZ. If they are
taken into account, the discharging circuit is not that in Fig. 4c but the one depicted
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in Fig. 14 for the column j, where Cp; with 1 <k <M and k #1i are such parasitic
capacitances. For a given Ry;, the higher the resistance of the non-selected rows, the
shorter the discharging time 7Ty;, while its maximum value will be registered when
all these resistances are minimum. Therefore, a higher range of resistances increases
the difference between the minimum and maximum values of T; due to crosstalk
and the uncertainty in T; in consequence. A worst case estimation can be done for
a maximum range. In this case, for Ry; — co with 1 <k <M and k#1i, T4; is min-
imum and takes the value

Vi
Tdij(min) = Rijlen (E) . (16)

On the other hand, for Ry; — 0, Ty; is maximum and results in

Vi
Tij(max) = RijCeqijln <WL,> , (17)

where C,yi=C; + ZZZZ 1 Coig- Therefore, Tyijiminy < Taij < Tajjimar) and its actual
k#i
value depends on the specific values of the remaining resistances in that column.

For a uniform distribution of these resistances, the relative standard uncertainty of
Ty generated by crosstalk is given by

M
Z Crij
k=1
M(Tdij) k#l

= , 18
Tl = e (18)

From (18), the higher the aggregated parasitic capacitance with respect to Cj, the
higher the relative uncertainty. Such an aggregated parasitic capacitance increases
with M and depends on the circuit layout and technology used to implement it. The
relative uncertainty in (18) can be reduced with a higher value of C;, although there
is a tradeoff with the measuring time and with the trigger noise since both increase
with C;. On the other hand, a high value of C; reduces the uncertainty due to
quantisation. The aggregation of the errors caused by all these sources determines
the resolution of the measurement.

The circuit in Fig. 11 is subjected to more crosstalk error sources than that in
Fig. 10. The three main error sources are: (i) the internal resistance of the output
buffer that sources current to the selected row (i.e. R,; in Fig. 15), (ii) the internal
resistance of the output buffer that sinks current from the column once the dis-
charging process has ended (i.e. R,; in Fig. 15), (iii) the input offset voltage of the
OpAmps (i.e. V5 in Fig. 15). Because of these, the discharging time does not
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Fig. 15 Crosstalk due to the I/O driver impedance and the input offset voltage of the OpAmp in
the interface circuit shown in Fig. 11

depend only on the resistance being measured but also on other resistances in the
array.
As for the effects of R),; in Fig. 15, the discharging time in (15) is modified as

1 = V11 Rpi + Reyi

Vv
T, =R::C: ,
@ v Vl Reqi

(19)

where R,,; is the equivalent parallel resistance of the resistances in the row selected.
Note from (19) that the lower R, ; with respect to R,,;, the higher the crosstalk. This
imposes a lower limit of the range of resistances and also limits the number of
columns in the array for a given accuracy. The addition of known reference resistors
in a new reference column is proposed in [35] to obtain the following expression

R G Vi =V

T= —2
@ Ric Cc Vl - VTLC

Liic, (20)

where R;., C., Vrz. and T are the row resistance, the capacitor, the input buffer
threshold voltage and the discharging time associated to the reference column,
respectively. Since the other resistances in the array are not in (20), the crosstalk
caused by R,; is cancelled. Moreover, the use of known reference resistors in
another new reference row provides an expression of the discharging time that only
depends on the known value of the reference resistors and the measured discharging
times associated to these resistors and R;; [35].

The crosstalk caused by R,; in Fig. 15 is related to the role of pin Z to clamp the
voltage at the column to zero. As said in Sect. 4.3, since non-selected rows are also
driven by a zero voltage signal, parasitic resistive paths are in principle short
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Table 5 Applications of the interface circuits shown in Figs. 10 and 11

Reference [37] [35]

FPGA Spartan3AN* Spartan3AN®

OpAmp - TLV2475N°

Supply voltage 33V 33V

Ref. oscillator 50 MHz 50 MHz

Technology PCB, insertion sockets, axial-lead discrete resistors
Sensor topology Figure 9a Figure 9b

Sensor size M=7, N=38 M=8 N=6

Interface circuit Figure 10 Figure 11

Capacitor (C) 47 nF 47 nF

Meas. range [200, 7350] @ [556, 3159] Q°/[3296, 9975] Q°
ENOB (scan time)® 12.2 b (5 ms) 7.9/8.6 b (5 ms)

Max. NLE 0.028% FSS 0.038% FSS/0.037% FSS

*From Xilinx. "From Texas Instruments. “The OpAmp output does not saturate, i.e. Eq. (21) is
satisfied. “The voltage at column jth is clamped to zero voltage with pin Z; when the threshold is
reached. “Scan time is the time to read the whole array

circuited and then crosstalk is reduced. However, if the sensor resistance to be
measured is low, the current sunk by Pin Z is high, thus generating a voltage rise at
the column that causes parasitic currents and then crosstalk errors. This error can be
neglected for high enough values of the sensor resistance (see Table 5 in Sect. 4.5).
A minimum resistance is also required to accomplish with the maximum current
that is able to source the pin that selects the row and to sink the pin Z. A direct
strategy to overcome this limitation and reduce the crosstalk errors consists in
adding external resistors in series with R,; to limit the current. In this case, note that
Eqg. (20) is still valid since the measurements obtained from the reference column
provide indirect estimations of these resistances.

Another alternative to reduce the crosstalk caused by R,; consists in ensuring that
OpAmps always work in the linear region so the negative feedback imposes always
a voltage close to ground. This is achieved if the range of resistances values is set to
guarantee that the longest discharging time corresponding to the highest resistance
is short enough to avoid that the output of the OpAmp of the column that reads the
smallest resistance (i.e. shortest discharging time) saturates. This is achieved if

Vi
R, <R;<—Ry, 21
L= U_VI—VTj L ( )

where R; is the lowest resistance value in the array. A strategy to increase the range
imposed by (21) is the reading of two rows at the same time, the one being scanned
and a reference row with known resistances. In this way, the reference resistors are
in parallel with the ones being read and the equivalent maximum resistance is
lowered, so Eq. (21) is met by the equivalent parallel resistances but the actual
range of the resistances in the array is much higher [35].
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The input offset voltage of the OpAmps in Fig. 15 is also a source of crosstalk
error because it changes the voltage at the corresponding column with respect to
ground, thus causing parasitic currents in the array. Input bias currents of the
OpAmps also introduce error since they are added to the current being integrated
and change the discharging time. A procedure is proposed in [35] to reduce these
second-order effects where two reference rows and one reference column with
known resistances are added to the array. The target resistance R;; can be expressed
as a function of the known resistors and the associated discharging times only, and
the effects of the offset voltages and bias currents are cancelled.

4.5 Applications

The interface circuits presented before have been applied to the measurement of
tactile array sensors in [36] using an FPGA as a digital system. In addition, [37] and
[35] report results for the interface circuits shown in Figs. 10 and 11 applied to the
measurement of a generic array sensor made of discrete-lead axial resistors in
insertion sockets on a PCB. Table 5 shows a summary of the results for different
resistive ranges. Note that the time to read the whole array is 5 ms in all cases so a
very fast scanning is achieved thanks to the parallel acquisition. Moreover, a res-
olution as high as 12.2 ENOB for the circuit in Fig. 10 was experimentally mea-
sured for two times the standard deviation as error estimation and 500 samples. The
circuit in Fig. 11 requires much less I/O pins to address the array at the expense of
more complex circuitry with more uncertainty sources. A resolution around 8 bits
was reached, although it can increase for higher resistance values and wider
measurement ranges.

5 Conclusions

After explaining such circuits and techniques for the direct connection of resistive
sensors to digital systems, the following conclusions can be drawn:

e Direct interface circuits clearly simplify the measurement chain because neither
an amplifier nor an ADC are needed between the sensor and the digital system.
The key element is a digital timer that measures the charging/discharging time
of an RC circuit formed by the resistive sensor and a known capacitor.

e A common low-cost general-purpose 8-bit uC can be the core of these sensor
interfaces without requiring any on-chip ADC, OpAmp or analogue comparator.
For resistive sensor arrays, the use of an FPGA is more advisable because
different resistances of the array can be measured in parallel through a set of
timers running simultaneously.
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In spite of their simplicity and low cost, these sensor interfaces have a satis-
factory performance in terms of linearity and resolution and, therefore, they are
very attractive for medium-accuracy, medium-resolution applications. A mea-
suring time of around units or tens of millisecond can be their main limitation if
the quantity to be measured changes quite fast.

Since very similar results have been obtained when using different commercial
digital systems from different manufacturers, the design of these sensor inter-
faces can be considered independent of any specific device or IC from any
manufacturer.

From the authors’ point of view, future research work on direct interface circuits

could be focussed on the following directions:

The analysis of the limitations when measuring resistive or capacitive sensors
subjected to dynamic changes, and not quasi-static changes as considered so far.
The direct measurement of other types of sensor. For instance, the use of digital
timers to directly measure sensors providing an amplitude-modulated sinusoidal
voltage signal.

The use of new digital peripherals, such as configurable logic cells, embedded
into the new generation of uCs to improve the performance of the proposed
sensor interfaces and/or to develop novel operating principles.
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