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ABSTRACT A robust relaxation-oscillator-based conditioning circuit for remotely located resistive sensors
is proposed in this article. The proposed circuit uses a simple analog architecture comprising an integrator,
Schmitt trigger, inverter, and novel switching logic as its core blocks. The circuit provides a linear digital
indication of the sensor resistance. The output of the proposed circuit is independent of many nonidealities,
such as bias-current and offset voltage of Op-amps, connecting lead and switch on-resistances, and
mismatch/drift in the circuit components and power-supply levels. The proposed circuit has the capability
to render all these merits while interfacing with various types of resistive sensor configurations. The
working mechanism and analysis of the proposed circuit are described first in this article. The performance
of the circuit is verified using simulation and experimental studies. Later, the immunity of the developed
circuit from the effect of various parameters is also experimentally verified. Results show that the proposed
circuit possesses a linear digital output and generates a low error in the output. The maximum nonlinearity
is merely 0.14% when a typical single-element-based sensor is interfaced with the developed circuit. The
performance features of the developed circuit are also compared with the prior art and are observed to
be adequate for interfacing industrial resistive sensors.

INDEX TERMS Digitizer, lead-wire compensation, relaxation-oscillator, resistive sensors, robust circuit,

signal conditioning.

. INTRODUCTION

OBUST sensor-interfacing circuits are essential to

realize reliable instrumentation systems. Several such
high-performance sensor interfaces have been developed for
a variety of applications [1], [2], [3], [4], [5], [6]. For exam-
ple, a robust photometer interface, involving a design for
improved stability, has been developed in [5]. Similarly, a
robust CMOS resistive sensor interface is proposed in [6].
This design used a reduced number of circuit compo-
nents. Similar to the above cases, robust and versatile
electronic interfaces, suitable for different resistive transduc-
ers used in industrial scenarios, are required. Such interfaces
should provide immunity against all major nonideal sources

and then provide a linear estimate of the measurand. In
this article, a new relaxation-oscillator-based interface for
remotely located resistive sensors is designed and evaluated.
It is shown theoretically as well as in experimentation that
the present scheme is quite robust against nonidealities and
their variations.

A number of resistive-sensor digital interfaces have
been reported in [8] and [19]. These interfaces can be
classified based on the operating principle or sensor con-
figuration considered, or some special properties (such as
the requirement of the reference voltage, ability to per-
form lead-wire compensation, etc.). The resistive-interfacing
schemes in [12], [13], [14], [15] [16], [17], [18], and [19]
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TABLE 1. Features of the existing digital conditioning circuits for resistive sensors and their comparison with R*C.

Parameters [8] [9] [12] [13] [14] ‘ [15] ‘ [16] [17] [18] ‘ [19] ‘ R’C
. . . . . . Modified . .

Principle of operation Relaxation oscillator Direct interface Dual-slope dual-slope Relaxation oscillator
Adaptable configuration Single Element (SE) Bridge SE ‘ SE, DS, Bridge
Immunity _agalr}gt circult No Yes Yes@ No® No* Yes

non-idealities
Need of reference voltage Yes No Yes NA No Yes No
Indusrial measurement Not tested RTD-PtI00 | Load cell | D | GMR | Nottested | GMR | RTD |[RTP> Disp. Sensory
systems tested Sensor GMR
Count of connecting leads Not suitable for remotely 2 5 6 2 3
connected sensors
Maximum Nonlinearity (%) 1 0.06 0.3 |[Notreported] 0.2 0.09 0.06 0.1 0.05 0.09 0.14"
Cost (=$) 45 21 9 49.5 4.4 12 32 12 3 32 2.54
DS — Differential Sensor, NA — Not Applicable, Disp. Sensor — Displacement sensor, @ — Transformation constant need to be determined using a separate
calibration phase, 2 — Depends on the mismatch in the microcontroller threshold voltage, # - Some of the schemes can provide a low value of error, * —0.23 %
is found for bridge sensor, A — Reported for SE case

specifically address the problem of lead-wire compensation,
and they are suitable for remotely present resistive sensors.
These schemes basically nullify the role of connecting
lead resistance in the resistance estimation. The working,
adaptable configuration, and other salient features of the
available remote resistive sensor interfaces are summarized
and given in Table 1. The direct microcontroller method
reported in [12] and [13] requires only two connecting wires,
however, these schemes must need a microcontroller for
the charging and discharging of the capacitor. In addition,
the scheme proposed in [12] requires a calibration phase
to find out the transformation constant. Likewise, the drift
in microcontroller threshold voltage can cause an output
error [13]. The dual-slope-based resistive digitizers, given
n [14], [15], and [16], use a single conversion cycle to
measure the resistance of the remote sensor. However, these
schemes require reference voltages, and their output depends
on the Op-amp and circuit nonidealities. The modified dual-
slope scheme reported in [17] requires a complex circuit.
Similarly, relaxation-oscillator-based works are developed
in [18] and [19]. The circuit developed in [18] does not
require reference voltage and, thus, the output is free from
the effect of the power supply. However, this scheme requires
a dual-diode for the measurement of remote resistance and
this can lead to an error in the output. The modified version
of [18] has been presented in [19]. However, the interfacing
circuit in [19] requires a single reference voltage, and its
output depends on the Op-amp nonidealities (see Table 1)
and this causes high error in the output. It should also be
noted that many of the schemes require at least one refer-
ence voltage [8], [9], [14], [15], [16], [19]. Summarizing, the
aforementioned schemes are not robust against circuit non-
idealities, and they require bipolar reference voltages and/or
matched diodes and/or complex circuitry.

This work proposes a reference voltage-free robust
relaxation-oscillator circuit (R3C) for conditioning the
remotely located resistive sensors. The basic concept of this
circuit has been derived in [20] and the same has been
evaluated using simulation studies. This work enhances the
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FIGURE 1. Schematic representation of the proposed relaxation-oscillator-based
circuit for remotely located three-lead resistive sensors.

design and achieves the following technical contributions
over [20] and prior art.

1) No requirement of reference voltage.

2) Immunity against the Op-amp and circuit nonideal
parameters.
Adaptability
configurations.
Independency from the drift in the circuit components
and power-supply levels.

3) with  various types of sensor

4)

The working mechanism of R3C and its performance
verification will be discussed in the upcoming sections.

Il. PROPOSED R3C FOR RESISTIVE SENSORS

The block schematic of the proposed R3C is shown in
Fig. 1. This relaxation-oscillator-based interface includes an
integrator, a Schmitt trigger, an inverter, and a control-
and timing-unit (CTU). The proposed circuit intelligently
controls the switching-logic block using CTU such that var-
ious types of three-lead connected resistive sensors can be
interfaced. In addition, the switching logic helps to generate
a digital equivalent of sensor resistance which is independent
of many circuit nonidealities, including the connecting lead-
resistances, resistance of the switches, bias current and offset
voltage of the integrator, and Schmitt trigger. The working
principle of R3C is given below.
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FIGURE 2. Circuit diagram of the proposed R*C is given in (a). Important nonideal parameters of the Op-amps OA; and OA, are also modeled and shown. Expected cardinal

voltage (vir and vcp) waveforms are plotted in (b).

The internal circuit diagram of the R3C interface is shown
in Fig. 2(a). Op-amp OA| realizes the integrator, while OA,
implements the Schmitt trigger. The resistive divider network
(made of Ry to R3) completes the relaxation-oscillator archi-
tecture and also helps to avoid saturation of the integrator
output. A single element (SE)-based sensor R is consid-
ered here. Note that the R3C interface is also suitable for
other remote-sensor configurations. The required adaptations
in the switching logic for such cases will be explained later,
in Section III. In practice, the Op-amps (OA; and OAj3) and
inverter need to be implemented using commercial models,
such as OP07 IC, LM311 IC, 74HC04 IC, etc. In Fig. 2(a),
the important practical parameters of these Op-amps are
modeled and given, for the sake of completeness. I, and
I,, represent the input bias currents of OA;. As in Fig. 2(a),
the voltage sources Vo1 and Vg represent the input offset
voltages of OA| and OA;,, respectively.

Using fundamental principles, the following equations can
be obtained for the Op-amp input voltages (v; and vp):

Vost 2R2 + R3) — I,RoR3 — Vo R
= o 0s1 2Ry + R3) — I,RyR3 0523=@+VZ
q1 Ry +R3 q1
vep
vy = — + Voo M
q2

In (1), the term V, stands for the voltage contribution
due to the practical parameters of the R3C. The value of V,
equals: V; = [Vos1 (2R2 + R3) — [,R2R3 — Voo R3] / (R +
R3). The terms g and ¢» in (1) are constants, whose values
are dictated by the resistive-network, as given in

g1 =@ +R/R3), qa=[1+Ri/R+R3)]. (2

As Fig. 2(a) shows, the switching logic comprises two
switches, S1 and S,. These switches link R, to two nodes
(a and b) of the R3C. The resistances of the three leads are
represented by Ry p; to Ry ps. Let the equivalent resistance
between the nodes a and b, as seen from the R3C be Ryp.
It can be seen from Fig. 2(a) that the value of R, depends
on the position of §; and 5.
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The R3C works in three phases, namely, phase-1 to
phase-3. The switching logic and operation in each phase
will be explained in the sequel. Let R,p; stand for the value
of R, during each phase. Assume vcp is at positive satu-
ration (say, V). In this condition, the potential at node-a
(say, v,) will be logic-low (i. e., ground) and the voltage
at node-b (say, vp) equals vi. Let VlJr and V;r denote the
initial values of v; and v, during this case. By substituting
vep as VT, the values of V;" and V5" are (V*/q1) + V. and
(VT/q2) + Vos. The term g is greater than g, [vide (2)].
As a result, the integrator-output vyt will charge up from Vf‘
to V2+ as shown in Fig. 2(b). The equation of vt is given in

vit@® = V/q1 + Voo + [(Vit + LiRwp1) /Ran Ct. (3)

Once vyt reaches V2+ , the Op-amp OA; will change its
output from logic-high to logic-low. This sets v, as V* and
vp as logic-low. The equation for charging time (say, 77)
can be obtained by setting vit(7T7) = V;r and is given in

V(g1 — ) VT
T = N8 Rt €= | o |Rani C.
q12(Vi* + LiRap1) Vi™ + InRap
4)

The change in vcp will transit the voltages vi and v,
to V; and Vyg, respectively. This causes the integrator to
discharge from gVt + Voo to Veg [see Fig. 2(b)]. This
can be seen from Fig. 2(b). The moment when vyt reaches
Vos2, the Schmitt trigger, once again, changes its output to
logic-high. The duration of discharge (say, 73) is derived in
a similar fashion as in (4) and is given in

T, =[qV"/(VT = V. — L,Rap1 ) |Rar1 C. )

It can be seen from (4) and (5) that 77 and 7> depend on
Iy, I, and V1. The above dependency can be avoided by
using a function, named F. Latter can be derived using (4)
and (5) and it can be written as in (6), where g = (q1 —

) !'lg2 (1 + 1]
Fi =T xT2)/(T1 + T2) = qiRap1C.

(6)
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From (6), it can be inferred that F; is independent of I,,
I,, and Vi . In phase-1, the CTU will set S; and Sy to
position-0. The control signals vconi and vconz are set to
logic-low for this purpose. Then, the equivalent resistance
(Rap1) can be written as Ry1 = Ry + Ry, + Ry + R +
Rip1 + Rip2, where Ry and Ry are the on-resistances of
S1 and S,. Therefore, F; will depend on undesired elements,
such as wire and switch resistances and capacitor, C. These
effects are nullified using a triple-phase operation, discussed
next.

At the end of phase-1, the switching logic makes the
circuit enter into phase-2. Here, S and S; are set to position-
1 (by setting vconi and vcone as logic-high). The equivalent
resistance (say, Ryp2), for this case, can be obtained as R
= Ry + Rs; + R + Rip2 + Rips. R3C will produce
relaxation-oscillator-based waveforms [see Fig. 2(b)], in this
phase as well. Let 73 and 74 represent the charging and
discharging times of phase-2. Their values can be obtained
by replacing R,p1 with Ry in (4) and (5). Now, a new
function F; can be defined and simplified as in

Fr = (T3 x Ty) /(T3 + T4) = qiRap2C. @)

Phase-3 is initiated at the end of the discharge of the
integrator in phase-2. Here, CTU sets vconi and vconz
to logic-high and logic-low, respectively. This will cause
S1 — 1 and S — 0. The equivalent resistance (say, Rap3)
turns out to be R;p3 = Ry + Ry1 + Ry» + Ripi + Rips.
The charging (75) and discharging (T¢) durations can be
obtained and substituted in the function, F3 as given in

F3=(Ts x T)/(T5 + Te) = qiRap3C. ¥

Note that the functions F; to F3 are free from the nonide-
alities of OA| and OA;,. However, it depends on the capacitor
C, wire, and switch resistances. The function (say, F), given
in (9), can help to prevent the above issues when Ry p; =
Rip2 = Rips = Rip

_Fi—F  Rap —Ra2 _ Rx
Fi—F3 Ra1 —Ra3 Ry

F )

It can be seen from (9) that the function F is useful
to measure R, without the effect of connecting lead and
switch resistances. In addition, the function F is also inde-
pendent of the constants g; and g2, and capacitor C, and,
hence, the measurement will not be affected by tolerance and
temperature-related drifts of Ry, Ry, and R3, and variations
of C.

lll. VERSATILITY STUDIES AND FURTHER ANALYSIS OF
R3C INTERFACE

The ability of R3C for interfacing SE-type sensor was proved
in Section II. The proposed R3C is a versatile interface
that can also process other types of resistive sensors. This
feature is elaborated next, followed by the analysis of
remaining error sources.
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FIGURE 3. Internal circuit switching-logic block for (a) DS and (b) bridge sensor
configuration.

A. INTERFACING CAPABILITY WITH DIFFERENTIAL
SENSORS

The differential sensor (DS) can be interfaced with R3C,
using minor modifications in the switching logic. Let R,
= Ro(1 + x) and R, = Ro(l1 - x) represent the DS. Ry
and x stand for the nominal resistance and fractional resis-
tance change. The modified part of the R3C for DS is
given in Fig. 3(a). Other components remain exactly the
same as in Fig. 2(a). In this scheme, (9) will get altered to
obtain F as (1 + x) / (1 — x). Thus, the parameter x can be
calculated as in

x=F-D/F+1)=F3—F)/Q2F —F,—F3). (10)

Similarly, DS following inverse characteristics can also be
interfaced with R3C. In this case, Ry = Ry / (I + x) and
Ry = Ry / (1 — x). The function (1 — F) / (1 + F) can be
computed in the CTU to obtain x.

B. ADAPTABILITY WITH BRIDGE CONFIGURATIONS

The modified part of R3C for bridge-based sensors is shown
in Fig. 3(b). The switching logic block consists of two
switches, S1 and S;. Switch S, is controlled by the sig-
nals, vcon2 and veops issued by the CTU. In half-bridge
(HB) sensors, the resistor R, [= Ro(l 4+ x)] will vary with
respect to the measurand, while R, remains a constant. In
full-bridge (FB) sensors, the equations for R, and Ry follow
Ry = Ro(1 + x) and R, = Ro(1 — x).

The R3C operation for bridge sensors also follows triple-
mode operation. In phase-1, both the switches are kept at
position-0. The switches will be changed to position-1 in
phase-2. S, is kept at position-2, and S is kept at position-0
in the last mode. The equivalent resistance (R,;) in each
mode is given in (11), where R, = [2(R; + Ry)] and R, =
Rs1 + Ry

Rap1 = <Ry2 + ZRny> /Re + Rs + Rip2 + Rip3
Rapz = (sz + ZRny) /Re + Ry + Rip1 + Rip2
Rus = (R + 2ReR) /Re + R+ Ry + Rup + Rups. (1)

By substituting the values of R, to Rz in (9), the
function F' gets simplified as shown in

F=(R2 = R?)/[2R(R+ R)] = (R = R)/2R.. (12)
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From (12), the resistance of the HB sensor can be obtained
using 2FR; + R,. Similarly, x can be found to be equal to
F (when R, is set equal to Rp) for FB configuration.

C. FURTHER ERROR ANALYSIS

The high-level voltage of OP; and the inverter was assumed
to be equal (= V). In practice, this condition may not be
satisfied. Let us consider that Viy; and Vp, are the logic-high
levels of OP, and inverter. In this condition, the function F
alters to F|, whose expression is given in

v [ Vi (g1 — q2)
2 (Va1 + q1Vim2)
Similarly, the factor, m will be present in the functions

F> and F3 as well. The modified final function F can be
written and simplified as in

i|Rab1C =mR;p1C.  (13)

- mRap1 C — mRap2C Rapt — Rapy

= = =F. (14)
mRup1C — mRup3C Rap1 — Rup3

From (14), it can be observed that the mismatch in the
high-level voltage does not cause an error in the function F.
Similarly, the low-level voltage of OP2 and inverter produces
a negligible output error [19].

The CTU issues necessary control signals to place R3C
in appropriate phases and it measures the time duration (7
to Te) using its timer/counter module. Latter can exhibit an
error of &= AT. The relative error (er) in the function F
due to £ AT can be obtained as in

er = [(£AT/T)) + (£AT/T2)] x 100 %. (15)

This will contribute to an error of 0.2% (AT =~ 2 us) in
the function F [refer to (9)]. The resulting error in F can
be reduced by using a high-resolution timer in the CTU.
Furthermore, the switching delay of S; and S> and compara-
tor delay is in the order of 10 ns. However, the output time
durations of R3C are in milliseconds. Therefore, the afore-
mentioned delays do not cause any significant output error.

From the above discussions, it can be concluded that the
proposed R3C can accurately measure the resistance (or
change in resistance) of resistive sensors. In addition, the
measured output does not depend on the Op-amp nonide-
alities, mismatch in the voltage swing levels, connecting
lead and switch resistances. Therefore, we can infer that the
presented circuit is suitable for various resistive sensor types,
such as SE, DS, and bridge-based models.

IV. BASIC PERFORMANCE STUDIES OF R3C

This section discusses the various performance verification
studies carried out with the R3C interface. The hardware
model of the R3C interface is built and tested. Furthermore,
the results were verified and compared with simulation stud-
ies (Tool: LTspice). An assay of the verification studies is
given in the next section.
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FIGURE 4. Emulation results of R*C with RTD-Pt1000 sensor characteristics.
Measured nonlinearity during simulation and emulation is also plotted.

TABLE 2. Measured errors during simulation and emulation studies.

Sensor Sm (%) | Em (%) | Sensor | Sm (%) En (%)
RTD 0.01 0.07 MR-H 0.01 0.04
Disp. sensor 0.05 0.2 MR-F 0.01 0.45

S — Simulation, E,, — Emulation, Disp. Sensor — Displacement sensor

A. PERFORMANCE STUDIES WITH SE AND DS
SENSORS
The performance studies of R3C were initially done with
an SE-type sensor. The hardware prototype of the R?C was
realized using commercially available components. As men-
tioned in Section II, OPO7 IC and LM311 IC were used
to implement OA; and OA;. The inverter was made using
74HCO04 IC. The switches were realized using CD4053 IC.
The resistors R, and R3 were selected as 1 k2 and R was
chosen as 2 k2 such that g = 4 and ¢, = 2. Capacitor C
was selected as 3 uF. This ensures the output time durations
are in the order of a few milliseconds, thereby reducing the
effect of timer resolution. The lead resistances are kept at
11 © to mimic the 30 m of 30-gauge copper wire [13].
Resistor Ry, was kept as 1 k2. The CTU was designed using
the ATSAM3XS8E microcontroller [21].

The sensor R, was varied from 1 kQ to 1.4 k2 using
a decade resistance box (Zeal Services, Model: ZMPDRB,
resolution ~ 1 Q) to mimic the characteristics of the
RTD-Pt1000 [22]. The resistance of the decade box was
cross-verified using a 5.5-digit multimeter. The output F' of
R3C was measured using the timer/counter module of CTU,
and the input versus output graph is plotted in Fig. 4. The
measured output can be seen to follow a linear relationship
with the applied resistance. The above study was also cross-
verified using the simulation tool. The nonlinearity values
observed during the simulation studies are also plotted in
Fig. 4. From Fig. 4, it can be observed that the maximum
nonlinearity is 0.04% during the simulation of R*C, and the
emulation of R3C provides a nonlinearity of 0.14%. The
relative errors were also measured at each step of R,, and
their maximum values are tabulated in Table 2. For instance,
the emulation studies of R3C with an SE sensor, show a
maximum error of 0.07%. Furthermore, the simulation envi-
ronment was extended to measure the low value of R, (e.g.,

2000109



ELANGOVAN AND SREEKANTAN: METROLOGICAL EVALUATION

0.7 . . . . . . — 05
B Measured x
0.5 H--w--Nonlinearity (Emulation) f - - ooooopoon i W 0.3
A Nonlinearity (Simulation) >
= 0.02 -
I D L SN et PN S U
500 - 'A"""l'ﬁ'e% abeiKn Xogip- B Y A'T“'?A",E”K"e""- -00 =
Bp Y e TS
é‘ B T S L e e I
. =
I : : : : : N
-0.6 -0.4 -02 0.0 0.2 04 0.6
Applied x EE——

FIGURE 5. Results of the emulation of R*C with displacement transducer (DS).

RTD-Pt100). Here, R, was varied from 100 to 140 €2, and
the measured nonlinearity and relative errors lie within 0.5%.

Later, the resistance R, of R3C was varied using a decade
box, according to the actual transfer characteristics of RTD-
Pt1000 [22]. The measured resistance increased linearly
with temperature. The maximum nonlinearity is 0.26%. This
value is close to the inherent nonlinearity (&0.22%) of
RTD-Pt1000.

Next, the performance of the R?C was verified for the lin-
ear DS. A displacement transducer (LT-150) [23] was used as
the representative sensor. The value of Ry was set as 2.5 k2
and x varied from —0.6 to 0.6, in accordance with [23].
Two-decade boxes were used to mimic the DS. The mea-
sured x of DS was observed for different values of x. The
obtained input—output characteristics of the DS are found
to follow a linear relationship, as expected. The DS char-
acteristics and nonlinearity of measurements are plotted and
given in Fig. 5. The value of nonlinearity turns out to be
0.14%. This result was also cross-checked using simulation
studies. The nonlinearity error is found to be merely 0.02%.
The maximum relative errors were also computed for the
above case, and the values are summarized in Table 2.

Finally, the static performance parameters of R3C were
found using 250 consecutive measurements. The resistor R,
was kept at a typical value of 1 k2. The results show that
R3C provides a standard deviation of 0.06% and a repeata-
bility error of 0.04%. The observed signal-to-noise ratio was
63.98 dB, which results in a resolution of 10.34 bits. The
power consumption of R3C comes to around 27 mW. From
the above results, it can be seen that the developed R3C
can easily work with SE and DS models, and it provides a
linear-digital indication of R, and/or x.

B. EXTENDED STUDIES WITH BRIDGE-BASED
SENSORS

The hardware R3C prototype was tested with synthesized
models of bridge-based resistive sensors. An HB-based
magneto resistive (MR) sensor [24] and an FB-type MR
sensor [25] were considered during these studies. Switch S»
was realized using CD4052 IC. For the HB-based MR sen-
sor (say, MR-H), the sensing elements (say, R,) were varied
from 4.5 kQ to 5 k€2, while Ry, was kept at 5 k2. This is
consistent with the bridge specifications in [24]. The output
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FIGURE 7. Emulation results obtained on interfacing an FB-based MR
sensor to R®C.

of R3C was noted for different R,. The obtained transfer
characteristics are plotted and given in Fig. 6. The figure
depicts that R3C produces a linear digital output with a
nonlinearity <0.2%.

Similarly, the FB sensor (say, MR-F) was emulated and
tested with R3C. The variable x was varied from -0.12 to 0.12
with Ryp = 1 k. The transfer characteristics observed during
emulation are plotted in Fig. 7. From Fig. 7, it can be observed
that the results obey a linear relationship, and the nonlinearity
is <0.23%. These results are cross verified in simulation.
The nonlinearity during simulation is plotted and shown in
Figs. 6 and 7. It can be observed that the emulation shows
higher nonlinearity than simulation studies. This difference
could be due to the drifts and parasitic capacitances associated
with decade boxes, effects of power supply interferences and
random errors, etc. The maximum relative error observed for
the above cases is also tabulated in Table 2.

V. VERIFICATION OF ROBUSTNESS OF R3C

One of the prime features of R3C is its robustness against
many circuit nonidealities. Various simulations and experi-
ments were carried out to verify the robustness of R3C. The
sensor resistance (R,) was kept as 1 kQ in these studies.
The output (either R, or x) was measured in the presence
of various circuit nonidealities. These tests are described in
the following sections.

A. IMMUNITY AGAINST CHANGES IN Ip AND Iy
In this study, 1, and I,, of OA; were varied, individually, from
0 to 400 nA, and R3C output was observed. A source-meter
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FIGURE 8. Three-dimensional plot showing the variation of relative error with
variation in bias current (I, and I,). Different sensor configurations (SE and bridge) are
considered for this study.
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FIGURE 9. Variation of error when the input-offset voltages (Vos1 and V,,) are
varied from 0 to 400 mV.

(Keithley 2450) was used to inject the above currents into
the circuit. The above variation was done for both SE and
bridge-based configurations. The relative error was calculated
with respect to the case when injected values of I, and I, are
zero (however, OP07 IC has I, ~ I, = 2 nA). Initially, the
current /,, was varied from 0 to 400 nA, keeping I, = 0. The
results obtained from the simulation and experimental studies
are plotted in the 3-D graph given in Fig. 8. Likewise, the
effect of variations of I, was studied (keeping I, = 0) for
different cases. These results are also reflected in Fig. 8. It can
be inferred from Fig. 8 that the maximum error introduced
to variations in I, and I, for SE-based R3C is merely 0.02%.
Similarly, the bridge-based R3C provides a worst case error
of only 0.06%. Thus, it is shown that the R3C is minimally
affected by 1, and I, or their relative differences.

B. INDEPENDENCY FROM Vg1 AND Vpgo

Similar to the above case, the offset voltages of OP07
(Vos1) and LM311 IC (Vos2) were synthesized externally
[see Fig. 2(a)] using the source-meter. The range of Vi
and Vg used in this test is from 0 to 400 mV. The relative
error for the SE- and bridge-based R3C interfaces is plotted
in Fig. 9. The above results were also cross-verified using
simulation and the corresponding results are also kept in

VOLUME 2, 2023

—&A— Error (SE)
Error (Bridge)

Simulation results

020 | —A—Error SE) | | ro
Error (Bndge)

% Relative error — -

0.00 &

0 10 20 30 40 50 0 10 20 30 40 50
Variation in lead resistance (Q)

FIGURE 10. Results proving the suitability of R*C for remote sensors.
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the nominal value of 5 V.

Fig. 9. It can be observed that the developed R3C possesses
low output-error (x0.07%) with variations in Vyg; and Vigp.

C. EFFECT OF VARIATIONS IN LEAD RESISTANCES

The output of R3C was shown to be theoretically independent
of the lead resistances and their variations. This fact was also
verified. In this study, the lead resistances were varied from
0 to 50  (step size ~ 10 ) and the output of R3C was
measured. The error was found with respect to the case
when lead resistance was zero. The observed errors during
simulation and experimentation are plotted in Fig. 10. From
Fig. 10, it can be observed that the maximum error is 0.1%.
Thus, the above study proves that the developed R3C is
relatively immune to lead resistances and their variations.

D. VARIATION IN V* OF INVERTER

The variations in the high-level voltage of the inverter and
Schmitt trigger do not introduce an output error. This was
also verified for both SE and bridge cases by varying the
V* of the inverter from 4.5 to 5.5 V with the nominal value
of 5 V using the variable power supply. The power supply
of OA2 was kept at 5 V. The measured errors are plotted in
Fig. 11. Fig. 11 shows that the R3C provides a low output
error (~0.1%) for the range of 1 V variation in VT of the
inverter. The above results clearly establish the robustness
of the developed R3C against Iy, I, Vos1, Vos2, Rip, VT,
and their variations.
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FIGURE 12. Experimental results of the developed R*C scheme with commercial
sensors. (a) R®C with LT-150 displacement sensor and (b) GMR—R3C-based
magnetometer system.

VI. EXPERIMENTATION OF R3C WITH SOME
COMMERCIAL SENSORS

The developed R3C interface was tested with a few types
of resistive sensors and real-time performance is validated.
The test details are given next.

A. INTERFACING WITH LT-150 DISPLACEMENT SENSOR
The commercial DS model of LT-150 [23] was procured and
interfaced with the R3C. The sensor was connected to the
R3C using three different leads of resistance of 1 . The
resistances, Ry and R, were replaced by the sensor. The ref-
erence displacement was measured using a Vernier caliper
(resolution &~ 0.1 mm), and the change in resistance x was
measured using the CTU of R*C. The input displacement
versus measured x is shown in Fig. 12(a). The inherent non-
linearity of the sensor [26] and the measured nonlinearity
at each step of displacement are also plotted. In both cases,
the maximum nonlinearity is 0.11%. Thus, from the above
results, it can be observed that the developed R3C can serve
as an efficient interface for DS.

B. EXPERIMENTATION WITH MR-H SENSOR

A GMR IC (AA004) [24] was used as the representative
MR-H sensor and tested with R3C. The experimental setup
developed for this purpose is shown in Fig. 13. This setup
includes a magnet to impinge the magnetic field on the
AA004 sensor, necessary test equipment for the R3C pro-
totype, and a reference Gaussmeter. The Gaussmeter used
was Model 425 (resolution &~ 0.01 mT) from Lakeshore
Instruments. The sensor was connected using three connect-
ing leads (see Fig. 13). The reference probe was placed very
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FIGURE 14. Oscilloscope waveforms of GMR — R3C when a field of 2 mT is applied.
A zoomed version of the oscillogram is also shown.

close to the sensor IC. Different values of the input magnetic
field were generated by varying the distance between the
magnet and the sensor. This field variation causes the vari-
ation in internal resistances of the sensor IC, which results
in the output variations of R3C. The transfer characteris-
tics of this complete system were recorded and plotted in
Fig. 12(b). The output can be seen to follow a straight-line
relationship with the field, in the range of (0.6-3.4 mT).
The maximum nonlinearity is 1.13%. This high value is
mainly due to the inherent nonlinearity of the GMR sen-
sor [see Fig. 12(b)]. The waveform, which demonstrates the
phase-wise operation of the R3C, was recorded during this
experiment (using an oscilloscope, Model: DLM2024) and
it is shown in Fig. 14. The relaxation-oscillator waveforms
(vit and vcp) in Fig. 14 clearly evidence the methodology
of the R3C interface.

C. DISCUSSION

A summary of the major performance features of the
developed R3C interface is given in Table 1. The R3C served
as an efficient digital signal conditioner for resistive sen-
sors of various configurations (SE, DS, HB, and FB). The
scheme also renders immunity against all main sources of
nonidealities, as opposed to the previous works [8], [9],
[12], [13], [14], [15], [16], [17], [18], [19]. In addition,
R3C is based on a reference-voltage-free architecture with
a low component count. This is another positive feature
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over the schemes in [12], [13], [14], [15], [16], and [19].
The developed R3C uses only three connecting leads and,
hence, lesser wiring infrastructure than many of the prior
art [12], [13], [14], [15], [16]. The quantitative performance
parameters are also comparable with the literature. The
conversion window for R3C includes three cycles. Hence, the
conversion time can be chosen adequately, by using proper
values of the capacitor and passive components that decide
q1 and ¢3.

VIl. CONCLUSION

Relaxation-oscillator-based conditioning circuit for remote
resistive sensors was designed and metrologically evaluated
in this work. The circuit is simple and uses low-cost com-
ponents and does not require reference voltage. The direct
digital output of the circuit was also independent of many
Op-amp/circuit nonidealities. The performance of the cir-
cuit was verified using simulation and emulation studies,
and the circuit was shown to possess a maximum non-
linearity error of 0.14%. The measured value of relative
error lies within 0.45%. Furthermore, studies were conducted
with commercial sensors, such as GMR transducers and
displacement sensors. The studies indicate the developed
circuit can aid in the realization of efficient magnetome-
ters as well as displacement sensing systems. Later, the
developed circuit was compared with its counterparts. The
study revealed that the developed R3C renders many mer-
itorious features over the state-of-the-art schemes. It can
be noted that the developed circuit can effectively compen-
sate for wire resistance effects. Hence, the circuit can be
placed away from hazardous sensor locations, where sig-
nificant temperature variations may exist. Considering this
fact, the circuit may not experience much temperature vari-
ations. Moreover, the scheme is intelligently designed such
that passive components and their temperature-induced vari-
ations do not cause any effect. The effect of noise and the
other interference sources is expected to be low (due to the
usage of an integrator-based circuit architecture). Further
studies are required to establish this fact. In addition, the
uncertainty analysis of R3C is planned in the near future.
Furthermore, the on-field test and verification are planned to
be conducted with sensors available in industrial scenarios
(including aerospace sector). Summarizing, the developed
R3C provides a simple digital technique to interface various
kinds of remotely located resistive sensors in many industrial
applications.
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