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Abstract— Sensor interface is a term including all the circuits
adopted for providing measurement readouts from sensor signals.
Starting from early 2000s, a plethora of solutions, generally
addressed as direct sensor-to-microcontroller interfaces, has been
proposed. This concept is particularly intriguing given the
widespread adoption of smart devices following the introduc-
tion of the Internet of Things (IoT) paradigm. However, the
use of those strategies is often limited by the reduced input
dynamic range they offer. In this article, authors propose a
novel universal interface for resistive sensors, able to provide
an overall measurement range larger than 100 dB, combining
consecutive subranges leveraging on volt-amperometric and inte-
gral measurement approaches. The procedure for determining
subranges is detailed; error analysis for estimating the impact of
(active components) nonidealities is furnished as well. Moreover,
to evaluate feasibility and obtainable performance, a proof-of-
concept prototype has been implemented. In particular, a relative
error of 1.31% results for fixed resistor measurements ranging
from less than 1 kR to more than 100 MS2. The capability
to track slowly changing measurand (a common scenario in
many IoT applications) has been also verified, given a maximum
measurement time of about 0.6 s.

Index Terms— Gas sensor, Internet of Things (IoT), light-
dependent resistor (LDR), microcontroller (xC), resistive sensor
interface, smart sensor.

I. INTRODUCTION AND MOTIVATION

ENSORS are one of the basing building blocks of the
Sso—called smart “things” we find in any Internet of
Things (IoT) or Ambient Intelligence (Aml) applications.
These paradigms, which are changing the way we live our
lives, leverage on intelligent devices that are aware of the
surrounding environment and operate accordingly. Generally
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speaking, first physical quantities of interest are sensed, then
embedded computation capabilities allow to extract/process
refined information that is finally transferred, by means of
integrated communication interfaces, toward cloud infrastruc-
tures. Such an approach limits the complexity (and, as a conse-
quence, cost and power consumption) of things, exploiting the
“infinite” resources of cloud computing. The wider and wider
adoption of IoT and Aml is turning into an increasing demand
for versatile and flexible solutions that are able to manage
different sensor types, often arranged into an array configura-
tion. Among them, resistive sensors are good candidates for
many different applications, since devices able to transduce
light intensity, force and pressure, temperature, and humidity
are available. Moreover, once properly functionalized, they
can detect and analyze chemical compounds (as in electronic
noses).

However, despite the actual applications dictate require-
ments, such as the sampling rate and the resolution, some
common needs can be highlighted, for instance; long lifetime,
wide dynamic range, and low cost. In addition, IoT nodes
have usually limited power resources, so that consumption
minimization is required as well; as a consequence, even if
sampling rate can be very slow, attention has to be paid to
reduce active measurement time. As a matter of fact, several
purposely designed, integrated solutions have been presented
trying to satisfy these needs.

Some researchers pursued a different approach. In literature,
it has been already highlighted that, since a microcontroller
(uC) is present in an IoT smart thing, a direct sensor-to-uC
interface could be a good tradeoff between complexity and
performance. However, as better detailed in Section II, these
solutions generally rely on charging a reference capacitor by
a current depending on the sensor output and then measuring
the discharge time. The time interval is generally measured by
the free running counter embedded in the uC time process-
ing unit (TPU), captured by a hardware comparator signal-
ing that the capacitor voltage has crossed a fixed threshold
value.

In the current work, authors exploit an analog to digital
converter (ADC, generally also available in xCs) to evaluate
the voltage drop across a reference capacitor in a fixed time
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interval. Since this voltage is the integral of the sensor-
dependent capacitor current, this method is referred to as
the “integral” approach. In addition, multiple ADC readings
can be carried out at well-known time instants, allowing to
easily manage different sensor ranges. Furthermore, using
the same interface, it is possible to implement the so-called
“volt-amperometric” method as well; in this case, a fixed
voltage is applied across the sensor and the resulting sensor-
dependent current, flowing in a reference resistor, is measured
with a single ADC readout, permitting a shorter measurement
interval.

The proposed interface requires a very small number of
external components: few passive elements, an analog switch,
and a single operational amplifier (OA). The main original
contributions of this work are:

1) Identification of the need for versatile resistive sensor
interface for addressing IoT application requirements.

2) Design of a novel sensor-to-uC interface for resistive
Sensors.

3) Analysis of possible error sources due to device
nonidealities.

4) Implementation of prototype for a real-world experimen-
tal testbed.

5) Execution of an experimental campaign for performance
characterization using sensor emulations.

The article is arranged as follows: a brief overview of
related works is provided in Section II; in Section III, the
proposed interface is discussed, whereas Section IV analyses
the error sources and their impact; Section V is reserved for
experimental results; finally, in Section VI, conclusions are
drawn.

II. RELATED WORKS

It is well-known that, no matter the actual application
scenario, the sensing layer is one of the fundamental pillars in
any IoT abstraction model, complemented by an embedded
processor performing preliminary, local, signal processing.
In particular, the core measurement application is often based
on the acquisition of different physical quantities [1], which
in turn require different signal conditioning chains providing
numerical readouts.

Resistive sensors are widely diffused, thanks to the advan-
tages they offer, as fast response, AC (permitting to reuse
interfaces for capacitive sensors [2]) or DC excitation [3],
and possibility of being realized through additive manufac-
turing [4]. However, when embedded into an IoT device, low-
power consumption is mandatory, due to limited power source
availability. For this reason, in the recent past, a plethora of
works appeared in literature provides energy efficient sensor
readout circuits. For instance, in [5], a ratiometric architecture
is discussed for improving rejection with respect to tem-
perature and supply voltage variation, offering submicrowatt
power consumption; however, the range is limited to 30 kQ.
In many applications, a wide measurement range iS a main
concern [6]-[11]. A sensor range, up to 10 MQ, has been
obtained in [12], leveraging on a logarithmic subrange detector
for resistance-to-voltage signal compression.
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In contrast, it must be also highlighted that the versatility of
the sensor interface is another key requirement; e.g., capacitive
sensors also play an important role in the IoT ecosystems.
Accordingly, researchers started looking for multisensor inter-
faces [13]. In [14], an all-dynamic approach is suggested
for a multisensor interface, able to tradeoff the performance
with the consumption depending on the application needs;
however, also in this case, the range is limited to 30 kQ.
In [15], resistance up to 5.9 kQ and capacitance up to
550 pF are measured exploiting a switched capacitor-based
architecture.

The main task of all the previous works is the development
of “brand new” interfaces providing digital readouts of the
quantity of interest. However, because most IoT-applications
are built around Cs, as previously stated, a different approach
is to rely on embedded peripherals, to reduce the number of
external components. The idea was initially suggested in early
2000s [16]. Since then, many works have been published,
proposing improvements in terms of reduced power con-
sumption, acquisition time, and capability to manage different
sensor types. Latest works are reviewed hereinafter. In [17],
the low-power consumption challenge is addressed, proposing
a design methodology for satisfying desired uncertainty and
measurement range (when limited dynamic range is tolerated);
a low-noise voltage regulator is considered for enhancing
power supply rejection. In [18], a three-cycle procedure is
implemented for taking into account lead resistances for sensor
with limited dynamic, using external switches for imple-
menting different charge/discharge paths; the work has been
improved by Anandanatarajan et al. [19], where an external
resistance-to-time converter is considered, but measurement
time is reduced. In [20], capacitively coupled resistive sensors
are addressed, providing 5-ms measurement time and a range
up to 800 kQ. In all the aforementioned works, the measure-
ment principle is the resistance-to-time conversion (i.e., the
integral measurement strategy); the readout is obtained eval-
uating, by means of the TPU embedded in the xC, the time
interval needed by a reference capacitor (charged/discharger
by a sensor-dependent current) to cross a fixed threshold.
As a consequence, once the circuit is designed for a certain
measurement range, and it is not possible to modify the
measurement time (which depends on the measurand value).

In [21], the direct approach is considered as well. However,
instead of waiting for the crossing of a fixed comparator
threshold, the readout of the xC internal ADC is acquired at
a fixed time interval. This approach offers several advantages:
to allow for fast volt-amperometric strategy when the range
is limited, to use the integral strategy for wider range, and to
dynamically modify the range, without using multiple circuit
paths that need for complex (matched) switch networks and/or
connections to different 4C pins. This work largely extends
the embryonic idea of [21]; in particular, the aforementioned
technique has been further improved, expanding the range of
the integral approach by adding new sample time instants.
Despite the circuit complexity remains the same, now the
overall input range can be tuned according to the application
of interest, with the only main drawback of an increment of
the measuring time with increasing input range.
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Fig. 1. Block scheme of the proposed sensor interface.

IIT1. PROPOSED INTERFACE

In some application scenarios, the resistive sensor dynamic
range can be quite large. Light-dependent resistors (LDRs)
are example of low-cost and widely used devices, exhibiting
a resistive range in the order of 40 dB or more [22]. Even
worse if the considered application needs to manage a family
of sensors with similar characteristics, but different baseline.
Some commercial LDR devices such as NORPS-12 from
Advanced Photonix and 02-LDR from NTE Electronics have
similar dynamic range, but the aggregate dynamic range is
about 88 dB. Some experimental gas sensors also exhibit
a very wide dynamic range, often exceeding 80 dB [23].
In order to satisfy those requirements, the proposed sensor
interface, shown in Fig. 1, trades off the dynamic range against
the measurement time. The circuit excites the sensor with a
constant voltage Vg and provides an output signal V, that can
be acquired through the ADC of a 4C. Since uCs are usually
powered by a unipolar positive voltage 0—Vc, the same power
supply is used for the sensor frontend.

Two operating modes are defined, according to the status
of the switch SW: “volt-amperometric” (SW closed), and
“integral” (SW open). Since Vjy and Vggr are positive DC
voltages, the sensor excitation voltage Vg = Vjy — Vger is a
positive DC voltage as well.

A. Volt-Amperometric Mode

In the volt-amperometric mode (VA in the following), the
circuit behaves as an inverting amplifier; since the time con-
stant Rp - Cp can be designed to be orders of magnitude
less than the sensor Rg variations, the effect of Cr can be
neglected. The output voltage Vo as a function of the sensor
resistance Rg can be computed as in (1). Conversely, if Vj is
acquired (e.g., by an ADC), an estimation (Rg) of Rg can be
obtained by using the relation in (2)

RF

Vo = Vrer — R_(VIN — VRerF) (1)
s
Vin — Vrer

(Rs) = ————Rr. (2)
Vrer — Vo

In the VA mode, lower (Rs_va min) and upper (Rs—va max)
limits to the Ry exist. In particular, as visible in (1), Rs_va min
depends on the minimum value that V can reach; since the
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Fig. 2. Circuit output voltage Vo versus sensor resistance Rg in the volt-
amperometric mode.

interface is powered with the unipolar power supply 0—Vcc,
the minimum V), value is zero, thus yielding to the following
equation:

Vin

VreF

Rs—vamin = ( - 1)RF~ (3)

As can be deduced from (1) and reported in Fig. 2, there
is a Vp compression effect as Ry increases. Since Vy is
acquired through an ADC, the same quantization interval
0Vapc corresponds to a resistance deviation dRgs; when Ry
is in the lower part of the range and a resistance deviation
ORs y when Ry is in the higher part of the range, with
5RS,H > 5RS,L-

Hence, the Rg range upper bound is given by the ADC
resolution n and by the maximum tolerated error &, q, (being
&rel = [(Rs) — Rg|/Rs) due to ADC quantization. Moreover,
in detail, considering an ADC with 0—Vggp input range and
+1/2 LSb of quantization error, the upper bound of the VA
mode Rs_ya mqx can be computed by the following equation:

w — Vrer

V
RS7VA,max =2.2" RF * Erel,max- (4)

REF

The dynamic range DRy, of the VA mode can be computed
by (5), which is obtained combining (3) and (4). As an
example, when n = 10 (the typical resolution of ADCs
embedded in low-cost uCs) and &, max = 1%, DRysy ~ 20
(26 dB)

RS—VA,max

DRy, = =2.2". Erel,max- (5)

B. Integral Mode

When the switch SW of Fig. 1 is open, the circuit behaves
as an integrator, thus justifying the name integral mode (/ in
the following). Without loss of generality, for the following
explanation, it is considered that the switch SW is opened
at t+ = 0, supposing that the previous transient is expired;
the corresponding initial output value Vp(0) depends on Rg
and can be computed by (1). Under the hypothesis that Ry is
(quasi) stationary, the output voltage Vo (f) can be obtained
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VO(t)A

0 to At t; t

Fig. 3. Circuit output voltage V() in the integral mode with upper and
lower bounds of sensor resistance Rg.

by (6); Vo(r) is a falling ramp starting from V(0), and the

slope a of which depends on the Ry value, as shown in Fig. 3
Vivn =V,

Vo(t) = Vo(0) +a -t = Vo(0) — ———E4  (6)
RsCF

Two samples Vi (f9) and V(1) of Vo (t) are taken at t = t

and t = 1;, with 7y < t;. Under the hypothesis that Vi (t;) is

not saturated to zero, an estimation of the sensor resistance Ry

can be obtained exploiting (6), as described in the following

equation:

AVo =Vol(to) — Vo(t;)

(Rg) = ———— At; with At =t — 1.

)

As for the VA mode, I mode lower (Rs_; i) and upper
(Rs—1.max) limits to the Ry exist. As shown in Fig. 3, Rs_; min
is the resistance value at which V() saturates at zero exactly
int = t;; Ry lower than Rg_; ., would yield to Vo (r)
saturation before reaching ¢ = ¢;, thus invalidating (6) and (7).
The Rgs_;min value can be obtained by inverting (6), setting
t = t;, Vo(t;) = 0, and computing Vy(0) as in (1), thus
obtaining the following equation:

Vin — Vi t;
Rs_1.min = w (RF + —) (8)
REF

Similar to the VA mode, the upper bound Rg_; .y Of the
I mode depends on the ADC resolution n and the maximum
tolerated error &ye;mq; On the estimation of Ry due to ADC
quantization. In fact, as reported in (7) and shown in Fig. 3,
given Af; and increasing values of Ry, AV, becomes smaller
(reduced Vy slope) and hence more affected by the ADC
quantization error, A lower limit AV ,;, thus exists. By con-
sidering an ADC with the same characteristics as before and
that AVy is the difference of two V samples (quantization
error is doubled), the upper bound Rg_; . iS given by the
following equation:
Vin — Veer At

—— Erel,max- (9)

Rsfl max — 2"
Veer Cr
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Fig. 4. Circuit output voltage Vo (¢) in the integral mode with two sample
time instants #; and .

The combination of (8) and (9) yields to the expression
in (10), which indicates the dynamic range DR; of the I mode.
As an example, when n = 10 and &,/ mqex = 1%, considering
the best case, i.e., R = 0 and ¢ty = 0, then DR; ~ 10 (20 dB)

RS—I,max _An Al‘i
ti + RpCF

Different range bounds can be obtained by properly choos-
ing the At; value, as illustrated in Fig. 4, where two sample
time instants f; with i = 1, 2 and f, > f;, are considered.
For the sake of graphical simplicity, the ramp starting point
Vo(0) has been represented as a constant value for all the
involved Ry values, provided that the actual values of V((0)
can be always obtained by (1). Moreover, without losing
generality, the sample time instant #y has been set to zero,
thus Vo (lo) = Vp(0).

The minimum and maximum Rg values that can be esti-
mated with the sample at ¢;, computed by means of (8) and (9),
with i = 1, are indicated in Fig. 4 as Rs_; min and Rs—_17max,
respectively. Similarly, the Rg_j2min and Rgs_j2mqx values
shown in Fig. 4 can be obtained by means of (8) and (9),
with i = 2. It should be noticed that, since t; > #|, Rs—_j2min >
Rs_11min and Rg_ 12 max > Rs—11.max; moreover, the expression
in (10), with the previously-considered best case, demonstrates
that the dynamic range of the Rg estimation with the sample
at #; and with the sample at #, is the same.

DR; =

(10)

Erel,max-
Rsfl,min

C. Proposed Combined Approach

According to (5) and (10), given the tolerated error €. max,
both the aforementioned modes need for increased ADC
resolution n to extend the dynamic range. This is frequently
not possible due to low cost constraints; in such cases,
multiple-scale architectures with different feedback resistors
Ry or capacitors Cp, selectable by a network switch, are
employed. However, such solutions are heavily affected by
switch nonidealities and need for an accurate matching of
feedback resistor/capacitor values.

The proposed solution offers a first dynamic range expan-
sion by configuring the frontend of Fig. 1 to merge the ranges
of the VA an I modes; in particular, the VA mode is used
at the lower part of the overall range (Rg uin — Rs.max) and
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the / mode in the upper one. In other words, the circuit
parameters can be tuned in order to obtain Ry ;s = Rs—va mins
R57VA,max = RSfl,min’ and Rsfl,max = RS,max~ Such idea has
been introduced in [21].

The second method proposed for increasing the dynamic
range makes a smart use of the capability of sampling Vo (¢)
at different sample times, when operating in the integral mode.
In fact, by properly configuring the circuit parameters, it is
possible to set Rg_j2min = Rs—11max; in other words, #; and
1, define two integral subranges, which are merged together
to form a doubled integral range spanning from Rg_;; pin tO
Rs_12.max- Interesting to note, more integral subranges can be
added via additional sampling points #;, with i > 2, leading
to a further expansion of the overall Rg range; the obvious
limitation is the increasing sampling time, which could become
too large for a specific application.

The proposed solution takes advantage of both the afore-
mentioned range expansion methods; in the following, the
steps to be followed for the circuit parameter configuration
are detailed.

1) First, being Ry in the desired minimum value of Ryg,
the R value is derived by inverting (3), considering
RS—VA,min = RS,min-

2) The upper bound of the volt-amperometric mode
(Rs—vamax) 1s computed with (4) and set equal to the
lower bound of the first integral subrange (Rs—; 7 min)-

3) Once the sample time instants fy and f#; have been
chosen, according to the obtainable performance in time
interval evaluation by the TPU, the Cr value is reckoned
by inverting (8), considering Rs_juin = Rs—iimin =
R57VA,max and i = 1.

4) The upper bound of the first integral subrange
(Rs—11.max) 1s computed with (9), with i = 1, and set
equal to the lower bound of the second integral subrange
(RS—I2,min)-

5) The sample time #, is reckoned by inverting (8), where
Rs_1min = Rs—12min = Rs—_11max. Interesting to note,
the 1, value is equal to #; multiplied by the dynamic
range of the first integral subrange.

6) The upper bound of the second integral subrange
(Rs—12,max) 1s computed with (9), with i = 2.

7) If more integral subranges have to be added, the proce-
dure is iterated by designing the next sample times #;,
with i > 2.

8) The upper bound of the last added subrange sets the
upper limit Rg . of the overall Rg range (e.g., Rs max =
Rs_12.max With two integral subranges).

For instance, when the volt-amperometric mode is combined
with two adjacent integral subranges, the proposed approach
allows to obtain a dynamic range DR =~ 2000 (66 dB), if a
10-bit resolution ADC and &, mqex = 1% are considered, with
t» ~ 10t;. Two additional integral subranges will allow to
obtain DR =~ 200 000 (106 dB), with 4, ~ 1000¢,.

IV. ERROR ANALYSIS

The focus of this section is to evaluate the performance of
the proposed interface in terms of resistance estimation con-
sidering error sources due to real-world components, reducing
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Fig. 5. Proposed frontend with the considered circuit nonidealities.

as much as possible the variability of the measurand (which
depends on the target application). Accordingly, only static
nonidealities of the analog frontend connected to the uC are
considered.

For the sake of completeness, the resulting static errors in
the sensor resistance estimation (supposing all transients are
expired) are detailed in the following. Errors imputable to
other external affecting quantities, as the deviation from the
expected value of the sensor excitation voltage, in the sampling
instants, and in the converter readouts are not analytically
assessed, but included in the experimental evaluation (see
Section V).

The schematic in Fig. 5 shows the frontend circuit and the
error sources (highlighted in red). The lead resistances Ry,
the OA voltage offset Vg, and the bias current Iy are taken
into account. The wire resistance Ry is ignored because of the
1 C high input impedance; in contrast, being the sensor excited
with DC voltage, the parasitic capacitance Cs has no effect.
Regarding the former, the frontend is close to the xC input,
so that Ry < Rj,,c, being R;, ,c the uC input resistance.
Regarding the latter, the voltage drop across Cs is constant;
moreover, the capacitance Cr has to be considered only for the
integral mode for the same reason. As regards the switch SW,
when the volt-amperometric method is employed, it can be
modeled by the ON-resistance Ry (C position of SW model
in Fig. 5); in case of integral mode, it is modeled as a current
generator whose value is the leakage /; (O position of SW
model in Fig. 5). Effects related to the switch SW charge
injection and clock feedthrough lead to a Vy voltage step
during the switch opening, thus altering the ramp starting value
Vo(0); indeed, this can reduce the actual V() range, but
the ramp slope a (see Fig. 3) is not affected. Since a two-
point estimation of AV, is carried out in the integral mode
and the initial sample is acquired in fy # 0, the switch SW
charge injection and clock feedthrough effects can be ignored
for the sake of error analysis. For the same reason, delay in
the switching activity can also be ignored. Interesting to note,
in this way, the aperture time in the Vy conversion equally
impacts sampling instants 7o and #; 2o, so that At; estimations
are only affected by the (much smaller) jitter.

The absolute error has been estimated as ex = |(Rs,x)—Rs|,
where X = VA for the volt-amperometric mode or X = I for
the integral one, respectively. Therefore, the relative error can
be computed as €., x = ex/Rs = |(Rs.x) — Rs|/Rs.
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A. Lead Resistance

Effects of (long) sensor leads can be summed up in two
equivalent resistors in series with the sensor; supposing equal
lengths, they both have R, resistance. Consequently, errors are

eva(RL) = &r(RL) = 2RLR
L
erelvaA(RL) = &rel,1(RL) = ——.
Rs
However, in most of target applications, where the sensor is
part of an IoT smart thing, leads are short and R, is negligible.

Y

B. OA Input Voltage Offset

The OA offset voltage Vps changes the voltage drop across
the sensor and consequently the current flowing in the OA
feedback network. In particular, after few manipulations, the
following relations can be obtained:

Vos(Rs + R
eva(Vos) = Rs os(Rs )
Rr(Viy — Vrer — Vos) — RsVos
= Rsereva(Vos) (12)

1%
e1(Vos) = Rs = = Rséerer,1(Vos). (13)

Vin — Vrer — Vos

C. OA Bias Current

The OA bias current flows in the feedback network; as a
consequence

INRs
evaly) = e;(Iy) = Ry
Vin — Vrer — INRs

= Rséerei,va(In) = Rserer,1(In).

(14)

D. Switch ON-Resistance and Leakage Current

The switch ON-resistance has to be considered when the
volt-amperometric mode is adopted; in this case, an additional
Roy is in series with the feedback resistor, resulting in

Ron
*Rr + Row
As regards the leakage current, considered in the integral

mode only, it behaves the same way the OA bias current,
therefore

eva(Ron) = R = Rsereva(Ron). (15)

I Rg
s
Vin — Vrer — IL Rs

As a concluding remark, it can be highlighted that,
as expected, errors can be minimized applying as large as pos-
sible Vg = Vv — Vggr voltage across the sensor. In Section V,
numerical values considering a proof of concept prototype with
real-world components will be provided.

er(IL) =R (16)

= Rs&rer,1(I1).

V. EXPERIMENTAL CHARACTERIZATION

To evaluate the performance of the proposed architecture, a
proof-of-concept prototype of the sensor interface in Fig. 1 has
been designed around an OPA350 OA from Texas Instruments
(Vos = 150 uV, Iy =~ 1 pA), a MAX4641 analog switch
from Maxim Integrated (Roy =~ 2.5 Q, I =~ 10 pA), and
discrete resistors/capacitors. The interface circuit is managed
by the ATMega32u4 uC hosted in an Adafruit Feather 32u4
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TABLE I

LOWER AND UPPER Rg BOUNDS IN EACH RANGE AND SAMPLE
TIME INTERVALS FOR INTEGRAL SUBRANGES

VA I I I; Iy
Rs,min 950 Q 16.0 kQ 130 kQ 1.15MQ |10.0 MQ
Rs,max 19.0 kQ 150 kQ 1.30MQ [11.5MQ [101 MQ
ti(i>1) |[N.A. 928.0pus |7.968ms [70.94ms |617.3 ms

Bluefruit LE board. The USB bus furnishes the circuit power
supply Vee = Viv = 5 V; a voltage regulator (on the same
board) provides Vgzgr = 3.3 V, which is also used as the ADC
reference voltage. According to the specific application, such
voltages should be chosen to properly excite the sensor with
Vs = Viy — Vger and considering that: 1) Vggr must be within
the supply rails of the interface; 2) Viy > Vggp; and 3) Viy
must have low-impedance output. In general, the larger Vi,
the larger the sensitivity. In this work, the choice of using the
available power supplies as Vjy and Vggp is merely for the
sake of circuit simplicity.

The ADC embedded in the xC has a nominal resolution
n = 10 bits. The TPU of the 1 C works with a clock frequency
of 8 MHz, prescaled by a factor 256; thus, the time resolution
for the generation of the sample time instants is 32 us. In order
to reduce jitter in the sampling instants, the ADC is triggered
by TPU output compare feature.

Commercial (gas) sensors like the TGS2602 from Figaro as
well as experimental sensors as in [24] have been considered
as a reference for the configuration of the input resistive range.
Such devices show a resistive behavior in the typical range of
1 kQ-100 MQ, which will be considered as the desired input
range of the proposed (universal) interface. Having in mind a
typical IoT-like application scenario, a slowly changing quan-
tity of interest is supposed, affording a maximum measurement
time of 1 s. Finally, a target tolerated error &, = 1% is
set.

The integral mode has been divided into four subranges,
named /; with i = 1,...,4. The first two sample instants
have been set to #p = 32 us and t; = 928 us, respectively,
whereas other sample instants are dictated by the range design
procedure in Section III-C. In order to minimize effects due
to discrete component nonidealities and tolerances, a reduced
voltage V, range has been considered (20 mV-3.3 V), lim-
iting saturation problems; additionally, a partial overlap of
the ranges has been set, i.e., Rs_vamax > Rs—11min and
Rs_jimax > Rs—riv1.min for i > 1. Thus, the aggregate sensor
resistance range is smaller than the combination of the single
theoretical ones. Following the parameter setting procedure
of Section III-C, Rr = 18 kQ and Cr = 32 pF have been
chosen. The resulting bounds of the volt-amperometric and
integral ranges as well as the sampling time # for i > 1 are
shown in Table I. It should be noticed that the resulting longest
measuring time, i.e., the sample time 74 related to the subrange
14, is less than the tolerated maximum measurement time (1 s)
for the considered target application.

At first, an evaluation of the expected errors due to the
nonidealitites of the employed components has been accom-
plished, based on the analysis provided in Section IV. Next,
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to demonstrate the validity of the proposed approach, two set
of experimental tests have been carried out, as detailed in the
following. Finally, a comparison with previously considered
related works is provided.

A. Evaluation of Expected Errors

According to (11), the lead resistance R; has the maximum
impact on the relative error when the sensor resistance Rg
is at its lower value. Since most of the IoT-like applications
imply the compactness of the sensor node, Ry < 1 Q can
be considered as a meaningful value, yielding to a worst case
relative error of about 0.20% (with Ry = 950 Q).

According to (12), the OA offset voltage Vps has the
maximum impact on the relative error in the volt-amperometric
mode when Ry is at its upper value; thus, the worst case
relative error is about 0.10% (with Rg = 19 kQ). Conversely,
the relation in (13) states that in the integral mode Vpy is
responsible of a relative error of about 0.01%, independent of
the Ry value.

According to (14), the OA bias current [y impacts on the
relative error the same way in the volt-amperometric and
integral mode and has its maximum effect with large Ry
values; in particular, with Ry = 100 MQ, the relative error
due to Iy is about 0.01%.

According to (15), the switch ON-state resistance Roy iS
responsible, in the volt-amperometric mode only, of a relative
error of about 0.14%, independent of the Ry value.

According to (16), the switch leakage current I is respon-
sible, in the integral mode only, of a relative error with a
maximum effect with large Rg values; in particular, with
Rs = 100 MQ, the relative error due to I;, is about 0.06%.

As a final remark, the combined worst case error is on
the order of 0.1%, thus one order of magnitude less than the
tolerated error due to ADC quantization.

B. System Characterization With Fixed Resistors

The performance of resistance estimation has been evaluated
by using reference discrete resistors (1% tolerance) as Rg,
spanning in the overall range. The Rg estimation is accom-
plished using the volt-amperometric mode first (SW closed)
and then activating the integral mode (SW open), sampling
in all time instants #;, with i = 0,...,4. The selection of
the most accurate method for Rg estimation, according to
Table I, has been performed by off-line postprocessing. In case
of range overlap, the estimation obtained with the “upper”
range is used, since estimation performance is better when
Rs in the lower part of each range. For each test resistor
value, 100 estimations (Rg) have been carried out and the
mean value (Rg ay) and relative error €,; = |(Rsav) — Rs|/Rs
computed. For the above computations, a measured value of
Viv = 5.1 V has been used in place of the nominal 5 V of
the USB power supply. It should be noticed that a voltage
reference device could be used to generate the Vjy voltage.
As reported in Table II, the maximum relative error within
each range is about 5%, well beyond the target 1% value. This
is mainly due to systematic errors imputable to unmodeled

9506509

TABLE 11
SYSTEM CHARACTERIZATION WITH DISCRETE RESISTORS

VA I I I; 1y

Max &ret | 2-18% 4.79% 4.64% 4.21% 4.02%

Max grei,r | 0-65% 0.55% 0.97% 1.31% 0.43%

Max GreL | 0-56% 0.32% 0.66% 0.32% 0.40%
1.4E+6 6.00%
13646 ) Rsg=[14.762E+3 + 1.339E+6-exp(Time/(3.040 5))] Q
1.2E+6 R? =0.999 4.00%
1.1E+6
1.0E+6

o
910.0E+3 . 2.00%
_ 8100643 o - g
& 7100643 < R IR 000% §
< 610.0E43 . *e 4 e
510.0E+3 . * . 2.00%
410.0E+3 .
310.0E43 ¢ RangeVA @ Rangell
210'0E+3 W Range 12 Range I3 -4.00%
110'0E+3 —RS fit * RelErr%
10.0E+3 .‘._.‘.‘.-.-.—.-.-0-0-0-0-0-0-0-0—0—0—0— -6.00%
0 5 10 15 20 25 30
Time [s]
Fig. 6. Acquisition of an emulated time-variable sensor resistance with the

proposed system.

circuit nonidealities (e.g., printed circuit board leakage current)
and to the tolerance of components.

To minimize the above systematic errors, a calibration
procedure, based on linear regression, has been applied to the
(Rs.av) values of each range, leading to linearized average
estimation (Rg_; av); the corresponding maximum values of
relative error &, = |(Rs—rav) — Rs|/Rs are reported in
Table II. The linearization has been able to decrease the
maximum relative error to about 1.3% in the overall range,
thus validating the proposed approach. The standard deviation
oy of the linearized estimations has been also computed and
the relative value o,.,;; = o./Rg is shown in the table, with a
maximum value less than 0.7% in the aggregated range. It is
worth noting that the obtained performance in the resistance
estimation is in line with the initial target.

C. Validation With Time-Variable Resistor

In the second test, a time variable resistance Rg(¢) has been
considered, in order to confirm the capability to dynamically
change subranges for tracking physical quantity of interest
varying in a wide range. In particular, for the sake of sim-
plicity, the desired Rg(f) has been emulated by applying
a variable Vjy(¢) to a fixed Ry resistor. The actual V;y(¢)
waveform has been generated by an arbitrary waveform gen-
erator (Agilent 33220A, with 14 bit digital to analog converter
(DAC) resolution), provided with a purposely designed set of
samples. In this way, it has been possible to easily mimic a
falling resistance exponential behavior, from about 1.3 MQ
down to about 15 kQ, with a time constant of 3 s, i.e., the
typical resistance variation of gas sensors reacting to target
substances [25], [26]. As visible in Fig. 6, the system has
been able to correctly track the Rg resistive drop of about two
decades, automatically selecting the most appropriate method
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TABLE III
COMPARISON WITH RELATED WORKS
This
[16] [17] [18] [19] [20] work
Working RT RT RT RT RT | VA+RT
principle
Dynamic
range [dB] 40 3 3 4 24 100
Relative 0.10% | 0.03% | 0.06% | 0.12% | 091% | 1.31%
error (max)
Measurement |\ | _ 5 5 3 5 | <620
time [ms]
Complexity VL VL L M VL L
Legenda RT (Resistance-to-Time), VA (Volt-Amperometric), N.D.
(Not Declared), VL (Very Low), L (Low), M (Medium)

and subrange (in this example, from integral subrange I3 to
volt-amperometric range VA). The exponential fitting Ry s of
the Rg estimation is reported in the same plot; it shows a
very high R? value and a time constant compatible with the
expected value (3 s), thus demonstrating the validity of the pro-
pose approach. In addition, the relative residual error RelErr%,
i.e., the deviation of Rgjg from Rg has been computed and
reported in Fig. 6. It should be noticed that residual errors are
greater than the &, ; values reported in Table II. Deviations
from expected behavior are mainly due to the nonstationary
emulated sensor value during the measurement process and to
some residual calibration errors. Nevertheless, the capability
of the proposed system to estimate a real-world sensor-like
resistive variation has been fully demonstrated.

It should be noticed that this test does not represent an
accurate dynamic characterization of the proposed solution,
which is out of the scope of the article. Indeed, considering
the volt-amperometric approach, the proposed circuit acts as
a first order low-pass filter with time constant Rp - Crp =~
0.6 ms; sensor variations with (much) larger time constants
are expected not to produce significant dynamic errors. Similar
considerations can be drawn for the integral approach, where
the limit to the dynamic behavior of the sensor is the actual
integration time, i.e., the sampling time #;, according with
Table 1.

D. Comparison With Related Works

A comparison with related works focused on direct sensor-
to-uC interfaces reported in Section II is provided in Table III.
As can be seen, the proposed approach represents a good trade-
off between dynamic range and performance/measurement
time, still offering low complexity, as permitted by the direct
interface approach. As a final remark, only the proposed
interface is a suitable solution for managing resistive gas
and LDR sensors, which are devices exhibiting a very-wide
dynamic range (typically larger than 40 dB).

VI. CONCLUSION

The so-called “smart things,” i.e., the fundamental building
blocks of any IoT applications, are nothing but the next step
in the smart sensor evolution. In particular, the “smartness”
derives from the embedded uCs they host. For this reason,
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the use of direct sensor-to-uC interface is particularly attract-
ing, allowing to reduce complexity and cost but preserving
performance and flexibility. In this work, a combined volt-
amperometric and integral strategy is proposed, for interfacing
with resistive sensor. The main advantage of the suggested
solution is a wide measurement dynamic range, allowing
for the usage in very diverse scenarios involving sensors
exploiting different transducing approaches. Starting from a
target tolerated error in the order of 1%, the article describes
how to define multiple contiguous subranges for managing
the overall range, in excess of 100 dB. In such a case, the
maximum measurement time is in the order of 0.6 s, suitable
for slowly changing quantities of interest, as typically occurs
in the considered IoT-like applications. If power-constrained
applications need to be addressed, it is possible to devise a
low duty-cycle operating mode, i.e., during the integration the
#C can be put in a proper low power mode; moreover, the
firmware can be designed in order to skip the unnecessary
integral measurements, in case a proper estimation has been
already obtained. The impact of active components has been
analytically modeled. A measurement campaign based on a
proof-of-concept prototype has been also carried out, confirm-
ing a 1.31% worst case relative error, despite the very simple
interface arrangement.
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