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Error Analysis and Reduction for a Simple
Sensor-Microcontroller Interface
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Abstract—Error analysis of a resistive sensor-to-microcon- Rs
troller interface based on pulse-width modulation and time-ratio (0)
measurement shows that internal input and output resistances in Re
microcontroller digital ports produce zero, gain and nonlinearity 02
errors. The time—ratio measurement technique cancels these
errors when the sensor resistance equals the reference resistor and Rp
reduces errors around that point. We propose two simple methods k|
of reducing those errors for sensors with a wide dynamic range.
Both methods use time—ratio measurements. The first method uses . (S —
several reference resistors covering the sensor resistance range; Microcontroller
the second method uses two-point calibration. The second method
is more efficient and yields errors that can be smaller than 0.52 v
for a sensor resistance from about 6082 to 3550€2.

. . . Fig. 1. Analog-to-digital conversion by pulse-width modulation (PWM).
Index Terms—Error analysis, error reduction, microcontroller g g g yp ( )

interface, resistive sensor, sensor interface, time-ratio measure-
ment. Vi
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. INTRODUCTION

IRECT sensor-to-microcontroller interfaces without inter-
vening analog-to-digital converters (ADC) are simple to
design and less expensive than interfaces based on the clz
sical sensor-amplifier-ADC approach. Daugherty [1] describec VoL
a simple analog-to-digital conversion technique based on pulst
width modulation (PWM) using a microcontroller and Cox [2] >
applied it to resistive sensor interfacing (Fig. 1). In general, the ts to t to
time ¢, needed to charge a capacit@(initially charged afj)

through a resistoR to a threshold voltag®; from a sourcé/. Fig. 2. Voltage waveform at port 11 (Fig. 1)s andtc are the respective
is time intervals needed to chargéthroughRs and R¢. The discharge time,
throughRp is the same in both cases.

V. -V,
t,= —RClh——* (1)
Vi—VW the reference resistdtc. The time taken to charge is monitored

) ) _ again by checking the voltage level at input |11 afids dis-

In Fig. 1, programmming a “high” leveMou) at output O1  charged again throughp. The voltage at I1 changes between
chargesC' through the sensoRs up to a voltage level deter- ;.. andv;,; (Fig. 2) and its pulse width depends on the time
mined by the logic “1” thresholdy) of input 1. ThenC'is dis- - needed to charg@. SinceC is the same for both time measure-
charged through a protection resistoy by setting I1 low (0", ments, calculating their ratio cancels the contributio®aind

Vor). Next, O1 is brought to a high-impedance state by prgjso any possible multiplicative interference [3]. The result is
gramming it as input and O2 is set “high” to chaxgehrough

Ri=Bp 2
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Microcontroller External network  and/gqc obtained from (3) and (4) by replacigc with Rs.
1 i From (1), the respective times to chagets andtc are
Row  O1
Vs(too) — Vs(ty)
Sensor < Vorn ts = — RpqssCln [0l — 53 F) 5
Rs S EQssC ln Va(too) — Va(to) (5)
Vo(te) = Velty)
. Re te = — RpgeeCln |- 6
) 02 © RO Veltoo) — Valto) ©
Rz Iz where Rrqss and Rpgoc are the respective equivalent resis-
Reference < tances to charg€ throughRg and B¢, which are
11 Rp R _ (Rom + Rs) Rrgs -
; A B85 T Rom1 + Rs + Rrgs %
. 1 [ (Ronz2 + R¢) Reqc
Detection " - R — Qc 8
and C— PRCC T Roms + Ro + Rpqc ®
discharge | < From Fig. 2,Vs(tf) = Ve(ty) = Vim (high-level input
voltage) andVs(to) = Vc(to) = Voo (low-level output
Fig. 3. Complete model for the circuit in Fig. 1 including all intervening/Oltage). Also, from Fig. 4, the respective final voltages at the
resistances and current sources. capacitor terminals are
Vom — Irgs (Rou1 + Rs)
Vs (too) =Vas = R 9
R 5(foc) =Vas Rom + Rs + Regs pas (9)
Rown ) Ve (tee) =Vac
:VOHQ — Ipqc (Romz + Rc) Reoc (10)
QD —et Ronz + Re + Rege Qc
Vo1 Reas leas Because of the high value fdty; and Ry, as compared to
Rs, Rc andRp, in (3) we inferReqs =~ Rpqc, So that when
replacing (5) and (6) in (2), we can simplify this last equation to
AV ~ <
« _Is
Fig. 4. Circuit equivalent to that in Fig. 3. Ry :aRC
0 Vas — Vi
Il. CIRCUIT MODEL _Regss ~ Vis— VoL .
. T - Vac — W1
Fig. 3 shows the model for the circuit in Fig. 1 wheéh Rpqce lnM
charges through the sensor. The active output port has a nonzero R J‘:%_ OL
internal resistanc&on. The port connected to the reference OH1L T 7%S
resistorR¢ is set at high impedance and modeled by a finite _ Lom + Bs + Regs <1HA> Re (11)
resistanceRy, and a leakage currerfy,. Input I1 is also Romz + Ko In B
modeled by a finite resistancek(;) and a leakage current Rouz + Ro + Reqc
source {11). Ideally, Rgo and Ry; should be infinite andys Where
and I; should be zero. In practice, however, they are not ancJ1
therefore not all the current through the sensor charges A— Vas — Vin (12)
Instead, part of it flows to the other microcontroller terminals. Vas — VoL
In addition, C charges not only through the sensor but also B— Vac — Vin (13)
throughRc and Rp. ~ Vac— Vo'
The circuit in Fig. 3 can be simplified as shown in Fig. 4 . .
where g P g Note that wherRc = Rs, A ~ B. Rearranging (11) yields
N InA 1
Rpqs =(Ru + Rp)||(Ruz2 + Re) 3) Bs = (Hom + Rs) K | {5 Rs (14)
Rp Ry (1 + ROHH;REQS)
Irgs :III—R R +IH2—R TR 4)
T1 15 H2 C Where
WhenQ c'harges throqghRg, the model and equivglent cir- _ (Romz + Rc + Rrqc) Re
cuit are similar to those in Figs. 3 and 4. However, in the port K= (15)

. Romz + Rc) (Rom + Rigs)’
connected to the sensf we now haveRy; andliyy, instead (Fonz <) (Rom nas)
of Ry, andly, for the output port connected to the reference Finally, if Rs < Roni + Rrggs the term after the quotient
resistorRc. Thus, the equivalent elements in Fig. 4 &gqc  of logarithms in (14) can be expressed as a series expansion of
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(1 + »)~! to obtain, by keeping only terms up to the second e(Q)
power: 50
. In A 40 2
S = (Romy + Rs) K <ﬁ> 0 i\\
3

X <1 Es < Bs >2> . (16) 20 \}\\ /

- +
Roni + Regs Roni + Regs \%
10

This approximation yields an error smaller than 1/2 LSB for 0 Rs(Q)
ann bit digitizer (such as an analog-to-digital converter or a
time counter) when

0 800 1600 2400 3200 4000

R R 2 Fig. 5. Absolute error when the sensor resistaRgein Fig. 1 is calculated
1— 5 + 5 theoretically with (14) (circles) and experimentally using (2) (dots) Vidth =
1 Rom + Regs Ront + Regs 1 2000 © and618.7 Q < Rs < 3553.2 0.
B 1 2n+1

1+ ‘RomJ:REQs If ARs exceeds the limit above, or if the sensor itself is

. (17)  nonlinear, the measurement range can be divided into several
which leads to sub-ranges and the same two-point calibration procedure ap-
R + R lied in each sub-range.
Rs < OH1 EQS (18) p g
2(n+1)/3

This condition can be less restrictive than the condition nec- Ill. EXPERIMENTAL RESULTS

essary to consideRrqs ~ Rpqc as assumed to obtain (11).
Equation (14) shows that there is a zero erdipf;1), a gain
error (becausé&lIn A/In B # 1) and a nonlinearity error. If
ports O1 and O2 were identical, these errors would be zero
Rg = R¢. Thisimplies selecting®c = Ry, the mid range value
for Rs. Errors for other sensor resistances depend@of,
Rown2, Ru1, Ba2, Ve, Vir, Vour, Voue, I, Iu1, andIys.
These internal microcontroller parameters depend on the te
nology and manufacturers do not wholly specify them. In any
case, (14) shows that nonlinearity increases wkigis close to
Ron1 + Riegs. Since we needon; < Rg to reduce the zero
error, it must beRgqs > Rs. The actual limits depend on the fott max — febt,min = 2" (21)
particular microcontroller and sensor used. Nevertheless, there

are no limits imposed oRs if it is close toRc. Therefore, one where f. is the equivalent frequency counted during the time
possible error-reduction method is to divide the sensor ranigéerval to measure. Therefor€, must fulfill the condition

into several sub-ranges and use a different reference resistor at

We have built the circuit in Fig. 1 using the a PIC16C71 mi-

crocontroller andRp = 220 2. Because of the inherentl
ount uncertainty in time measureme@itsust be large enough

fgrallow sufficient time to achieve the desired resolution. We
use (1) withV,, = Vog = 5V, V; = Vig = 3.24 V and
Vo = Vor. = 0.002 V. To obtain2” counts for the differ-
ence between the charging time when measuring the minimal
s(= Ry — ARs/2) and the charging time when measuring
e maximumRs(= Ry + ARs/2) we need

each sub-range. This method, however, does not use the infor- on
mation contributed by (14). ¢> Vor — VoL (22)
An alternative method is to approximate (14) (or (16)) by a JeARsIn Vo —Vin

linear response and use two calibration resistors to determine
the actual (linearized) response, in addition to the reference rewe have measured the time interval with the internal timer of
sistor needed for time—ratio measurement. This method is valige microcontroller. The program takes three machine cycles.
if the nonlinearity error does not exceed a given error target. Feince a machine cycle of the PIC16C71 takes four clock cycles
example, if the nonlinearity error must be less than the maxim@al. MHz), we havef. = (11 MHz)/12. Hence, forARs =
guantization error for an bit digitizer and the condition in (18) 3553.2 & — 618.7 Q = 2934.5 Q, which is a typical range for
is fulfilled, the right-most factor in (16) must not differ from 1the Pt1000 temperature sensor and, for exampie 13 bits, we
by more than(1/2)"*1. That is needC > 2.9 uF. We have used = 4.1 pF, which improves
) the resolution to 0.28. We have also usellc = 2000 §2, that
1o+l o _ Ry + (ARs/2) <Ro + (ARS/2)> is, close to the midrange value f&.
Rom + Rrgs Roni + Rrqs We measured the microcontroller parameters not specified in
<1 492-(+D) (19) data sheets and calculated the coefficients in (14). Fig. 5 shows
the absolute error between the estimat&d [using (14) and
whereRy — ARg/2 < Rs < Ro + ARs/2. Hence, the sensor experimentally using (2)] and the actu&k. The error is zero
resistance variation’XZs) must fulfill the condition for R = R and increases whelg separates fron¢. Using

different reference resistors would keep that error below a given
|ARs| < (1 —V1- 21—") (Romn1 + Rrqs) — 2Ro. (20)  target.
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e(Q?) resistance: for a sensor with a wide resistance range, divide that
0.6 range into sub-ranges and use a different reference resistors in
0.5 : each sub-range. However, this procedure does not use all the
0.4 = information provided by these reference resistors. An improved
03 /71 \F\ method uses a pair of calibration resistors to estimate the actual
0.2 r_\\ (linearized) transfer characteristic in a given sensor range and
0.1 : measures the time ratio using a reference resistor close to the

0 ¢ Rs(€2) mid range value for the sensor. This procedure, when applied
0 800 1600 2400 3200 4000 to a sensor whose resistance goes ranges from abou? 660

355012, yields an absolute error of 0¢3.

Fig. 6. Theoretical (circles) (predicted) and experimental (dots) absolute error
when using time-ratio measurements and the transfer characteristic is estimated
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