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Abstract: A simple method to measure the resistance of a sensor and convert it into digital information
in a programmable digital device is by using a direct interface circuit. This type of circuit deduces
the value of the resistor based on the discharge time through it for a capacitor of a known value.
Moreover, the discharge times of this capacitor should be measured through one or two resistors
with known values in order to ensure that the estimate is not dependent on certain parameters that
change with time, temperature, or aging. This can slow down the conversion speed, especially for
high resistance values. To overcome this problem, we propose a modified process in which part of the
discharge, which was previously performed through the resistive sensor only, is only conducted with
the smallest calibration resistor. Two variants of this operation method, which differ in the reduction
of the total time necessary for evaluation and in the uncertainty of the measurements, are presented.
Experiments carried out with a field programmable gate array (FPGA); using these methodologies
achieved reductions in the resistance conversion time of up to 55%. These reductions may imply an
increase in the uncertainty of the measurements; however, the tests carried out show that with a
suitable choice of parameters, the increases in uncertainty, and therefore errors, may be negligible
compared to the direct interface circuits described in the literature.

Keywords: direct interface circuits; calibration methods; error analysis; resistive sensor; interface sensor;
time-based measurement

1. Introduction

More and more digital systems are receiving information from the outside world through sensors,
making it important to design simple methods that transfer the analogue information provided by the
sensor to digital information handled by the system. This forms the basis of what we call “smart sensors”,
in which a large group of resistive sensors transforms the measurement of a certain physical magnitude
in the variation of the value of a resistor [1]. Thus, we use resistive sensors to measure temperature
(known as thermistors), gas detection [2], or magnetoresistive sensors [3,4]. These sensors can
also be grouped in arrays, for example in anemometry [5], and for gas detection [6] or in tactile
piezoresistive sensor arrays [7,8]. Different methods can be used to perform resistance-to-digital
conversion. One of the most popular methods, which performs this conversion without the need for
analogue-to-digital converters (ADC) is known as the direct interface circuit (DIC). This method [9,10]
requires a minimum number of components: the resistive sensor itself, some calibration resistors, and a
capacitor. The minimal hardware used makes the method simple, easy to integrate into any system,
and economical, achieving a performance similar to that of the ADCs [11]. In recent years, a number
of papers have been published in which a DIC was used with a programmable digital device as a
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microcontroller [12-15] and field programmable gate array (FPGA) [16,17], which shows the versatility
of the method. DICs are not only used for the measurement of resistive sensors, but are also used,
according to the literature, for capacitive [18-22] and inductive sensors [23-26].

The main problem with a DIC is the time needed to convert information. The time varies
depending on the version of DIC in question (the different versions will be analyzed in the next section).
The fastest DIC uses the single-point calibration method (SPCM) [27], although it is also the one with
the greatest error. The SPCM needs to charge and discharge a capacitor twice. Charging is always
through a small resistor, or possibly even without it if the digital device so allows, therefore requiring
a much-reduced time. However, discharges are made once through the resistor of the sensor, R,
and once through a known calibration resistor. Simply making the quotient of these discharge times
is enough to obtain the value of R (the discharge times are measured in cycles of the internal clock
of the programmable logic device, or PDD). All the simple arithmetic operations needed in these
DICs, or others, are performed internally in the PDD, and the time spent on them is negligible
compared to that required for the capacitor charge and discharge processes. For this reason, the time
required to obtain R can be approximated by the sum of the two charge and discharge times. In the
most sophisticated and accurate versions of DIC, the two-point calibration method (TPCM), and the
three-signal auto-calibration method (TSACM) [27], the conversion time is increased to three capacitor
charge and discharge times, with discharges now taking place through the resistors to be measured
and two calibration resistors.

A naive idea to decrease the time needed to obtain R is to think that the problem could be solved by
decreasing the capacity of the capacitor, C. However, [28] shows that the time constant in the capacitor
discharge process must be greater than a certain value in order to achieve optimum performance in a
DIC. This minimum value is dependent on the range of resistors to be measured, but also on the PDD
used and on the circuit’s electrical and quantification noise.

The problem may be even more serious if we are not measuring an isolated resistive sensor,
but rather, an array of resistive sensors—such as for example, in the case of tactile sensors or artificial
noses. In these cases, reducing the measurement time of an array frame is essential in order to obtain
the characteristics of the system it is interacting with in real time, e.g., to obtain information about grip
or slippage in a tactile sensor [29] or to obtain instant information in an artificial nose.

In this article, we analyze the different types of DICs and demonstrate how the TPCM offers
better performance when estimating the resistance of a sensor than the TSACM. However, as we
have seen, the TPCM may require a long time to complete the necessary measurements. For this
reason, a new method is developed to reduce the measurement time. This reduction is achieved
without any modification in the structure of a TPCM conventional DIC, and therefore, without any
hardware cost. Only the time measurements change, allowing conversion time reductions of up to
55%. The experimental results obtained with an FPGA and the new method show that the reduction in
conversion time is achieved without modifying the accuracy of the measurements.

The structure of the paper is as follows. Section 2 shows the operating principles of the different
types of DICs and their fundamental characteristics. Section 3 presents the first version of the improved
DIC: Fast Calibration Method I. Section 4 sets out a new version of the DIC with different characteristics
to the one presented in Section 3: Fast Calibration Method II. Section 5 presents the experimental
results obtained for the proposed new methods. These results are also discussed and compared with
the TPCM. Finally, the conclusions are presented in Section 6.

2. Operating Principles and Types of DIC

As indicated, all types of DIC are based on a comparison of discharge times: one of these times is
obtained by discharging through a PDD pin attached to the resistor of the sensor we intend to measure,
R, and the other times (which can be one or two) are obtained through pins connected to known
calibration resistors, R.;. As mentioned in the introduction, the simplest DIC is the SPCM, as it uses
only one calibration resistor. As a result, the time taken in the resistance-to-digital conversion is the
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shortest of all; however, the accuracy is much lower (the relative error of this method can be three
orders of magnitude greater than that obtained by the other methods [30]), for which reason it is not
normally used in practical applications, and was not studied during this research.

TPCM Analysis

The TPCM uses two calibration resistors, as shown in Figure 1. The pull-up resistor, Ry, is used to
charge C to the supply voltage of the PDD bulffers (configuring the Pp pin as logic 1 output), and its
value is as small as the PDD specifications allow, in order to reduce the charge time to the extent
possible. Itis also found in the literature [31] that the use of R, can reduce the influence of power-supply
noise on circuit performance. To achieve this, the rest of the pins of Figure 1 can also be configured as
logic 1 outputs. Then, a discharge process is performed through R, R 1, or R, (regardless of order),
configuring the appropriate pin (Ps, Pcl, or Pc2, respectively) as logic 0 output and keeping the other
pins in a high impedance state, HZ, which is equivalent to configuring a pin as an input. The Pp pin is
also configured as an input and is in charge of detecting the instant at which the capacitor voltage
drops to a value considered logic 0 by the PDD. This succession of charge and discharge processes is
carried out for the three resistors.

4 R

Ps
Programmable
Pcl
Digital
Pc2
Device

- 4

Figure 1. Circuit used in the two-point calibration method (TPCM).

The discharge time, T, through a resistor R is given by:

Tp = (R+Ro)c1n(ﬁ) 1)
I
where R, is the output resistance of each pin configured as logic 0 output, V; is the initial discharge
voltage (normally Vpp), and Vs the final process voltage (the threshold voltage at which an input pin
goes from detecting a logic 1 to a logic 0). Considering Equation (1), the TPCM uses the following
equation to estimate the value of R:

R— TR — Tra

= R —Ra)+R 2
TRCZ_TRcl( 2~ Ra)+Ra @

where Tr.; and Tg,; are the discharge times through R.; and R, respectively. Given how the discharge
times are used in Equation (2), we can eliminate the dependence of R,, C, and the natural logarithm
that appears in Equation (1) when estimating R.

Two parameters can be taken to assess the speed of the resistance-to-digital conversion: the
maximum time taken to discharge the capacitor to Vy, Tryay, and the maximum total time in the R
measurement process, Tyay, which is the result of adding the time needed to evaluate R.; and R, to
TRimax- We take these two parameters, as there may be applications in which a simultaneous calibration
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is not necessary for each Tg measurement, but rather the calibration is performed at certain intervals
between several Tr measurements. In the case of the TPCM, these two parameters are given by:

Tmax(TP CM) =3 Tcharge + TRmax + TRcl + TRC2 (3)
\%
Trmax(TPCM) = (Ryax 4+ Ro)C 1n(VLfD) 4)

where Tepgrge is the charge time (as commented earlier, the circuit is designed so that this is minimal,
meaning that it is much smaller than the other times that appear in the member on the right of
Equation (3)). If we also take into account that Ryg < R, R.1, R¢, we can approximate Equation (3) and

Equation (4) by:
Tmux(TPCM) ~k- (Rmax + Ry + RCZ) ®)
TRmax(TPCM) ~ k- Rypax (6)
where k is a constant for each circuit:
B Vbp
- c1n( 2 ) )

Moreover, positioning R.; in 15% of the range between the maximum and minimum resistance to
be measured (AR) is established as the optimum design criteria for the TPCM in [32]. In this reference,
it also is found that R.; must be in 85% of the range. Therefore, T;;.x(TPCM) is given by:

Tyax (TPCM) % k(2R g + Roiy) ®)

As k is a characteristic of each circuit (we assume that a minimum value of C has been used
according to [27]) and Ry and Ry, are determined by the type of sensor, there is, initially, no option
to reduce this time. Finally, Equation (8) can also be written as:

R .
Tynax(TPCM) ~ (z o )TRmx(TPCM) ©)

max

which, in the very common case that Rmax > Rpin Will be:
Tinax(TPCM) = 2 - Tryyax (TPCM) (10)

The third type of DIC is the TSACM, the circuit for which is shown in Figure 2. This method was
proposed [33] for capacitance measurement, but works in the same way for resistances.

4 N g

Ps
Rei
Programmable Pcl I M- » Ve
o c2
Digital Pc2 A I C
Device Pp 4 =

N /

Figure 2. Circuit used in the three-signal auto-calibration method (TSACM).
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As in the TPCM, this circuit measures three discharge times: Tr.g.1, the discharge time through
resistors R and R.; positioned serially, Treo4rc1, the discharge time through resistors R.; and R
positioned serially, and Tg.;. With these times and Equation (1), we can find the value of R as:

T -T
R = Rk = Tra p 1)
Tre2+Re1 — TRe1

Equation (11) is simpler to evaluate than Equation (2), although the difference in terms of time and
hardware in current PDDs can be insignificant. To assess the maximum conversion times, it must be
remembered that, maintaining the criteria for the calibration resistor values indicated above, R; will
be found around 15% of the measurement range, while R.y+R.; (which now plays the R, role in the
TPCM) will be 85%, meaning that R, will be in 70% of the measurement range. Considering this,
the maximum discharge time with this method, Ty, (TSACM), will be given, for wide ranges, by:

Trimax(TSACM) = 1.15 -k - Ryygx = 1.15 - Trypax (TPCM) (12)
Likewise, Tyqy for this method, Ty (TSACM), will be:
Tmax(TSACM) ~ k- (Ryax + 3Ry + Re2) = k- (2.15 - Ryyjax + 1.85R 1) (13)
Using Equation (8), this last equation is transformed into:
Tax (TSACM) = Tyax (TPCM) + Tt (14)

Equations (12) and (14) show that obtaining resistance values always requires more time in the
TSACM than in the TPCM.

Another drawback of the TSACM when compared to TPCM is that, as shown in [27], the uncertainty
in discharge time measurements is linearly related to the value of the resistor to be measured, with the
slope of the line being positive. This means that u(Trire1) > u(Tr) and u(Treo4re) > U(Tre2)-
Considering this fact and applying the law of propagation of uncertainties [34], the variance of R using

TPCM, 2, (R), is:

Wrpep(R) = (;TRRY“Z(TR) + (g%fd )ZMZ(TRcl) + (%)ZMZ(TRQ)

Rip—Ry)? Tr=Tre \2 Tr—Tre \2
B (;Rci—TRlci)z (uz(TR) + (TRIEZ_ﬁRil) uz(TRCl) + (Tlez—TISRL) MZ(TRCZ)) (15)

R-Ry \2 R-R4q \?
- %(”Z(TR) +(rts) w3 (Tret) + () ”2(TRCZ))

. . . 2 s
while the variance of R using TSACM, u.¢ 4 -4(R), is:

2 2 2
2 _(_or 2 ( 9R ) 5 IR ) B
Ursacm(R) = (aTRHm) u™(Tr+re1) + (57, ) ¥ (Tre1) + (8TRcz +Rd) u*(TRe21Re1) =
RS T =T, 2 T -T 2
2 2 ( R+Rel R52+Rcl) 2 ( R+Re1 = TRe1 ) 2 16
(Tre24+re1-Tre1)? (u (Trerer) + Tra+raa-Tra ) 4 (Trer) + Troosra—Tra) ¥ (Tre2+Re1) (16)

R,\2 2
= %(”2(TR+RC1) + (5552 ) 12 (Tra) + (&) UZ(TRchchl))

Considering that, in Equation (15), R.» — R, is equal to R, in Equation (16) (if its values continue
to maintain the criteria outlined above), it will be fulfilled that:

urpcm(R) < ursacm(R) (17)

and, therefore, the estimates of R in the TSACM will be less accurate than in the TPCM.
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Based on these results, it is evident that the small computational advantage of using Equation (11)
rather than Equation (2) does not compensate for the drawbacks arising from the TSACM needing
more time to estimate R, and the accuracy of the measurements is also lower. Therefore, the TPCM
should be the preferred method for a DIC.

However, the main drawback of the TPCM is the time needed to estimate R. According to
Equation (6), Tryay is proportional to Ry and, depending on the sensor, this value can be very
high, meaning that the temporal performance of the DIC may be insufficient in certain applications,
as explained in the Introduction. A new measurement methodology based on the TPCM and using the
same DIC is developed with the aim of reducing Try, and Tyay. We call this new methodology the
Fast Calibration Method (FCM), and it also needs three charge and discharge processes. Depending on
how discharge times are reduced, the new methodology has two versions, FCM I and FCM 1I,
as presented below.

3. Fast Calibration Method I

The basic idea of FCM I is to use the minimum calibration resistor, R 1, to speed up the discharge
process through R, when necessary. The way to proceed is as follows: the charge and discharge
processes alternate as in the TPCM, and the R.; and R, discharge processes are carried out in the same
way. Similarly, if the discharge time through R, Tk, is less than a certain value, Ty (selected by the
designer), discharge takes place as in the TPCM. Then, Equation (2) can still be used to estimate the
value of R, and Equations (5) and (6) can be used to evaluate Ty, and Try,y, respectively. However,
if a logic 0 has not been detected in Pp for time T} after the discharge through R began (this condition
is equivalent to T > Ty), the Ps pin is configured as HZ, and the discharge continues through R.;.
This constitutes what we will call the modified discharge procedure. The only conditions that Ty must
fulfill are:

TRcl < Ty < TRipax (18)

These conditions come from the fact that, in order for the method to be consistent, it must be
verified that Tg > Ty and that, in order for a time reduction in Ty to be achieved, it must obviously be
the case that Ty < Tryux-

Both discharge processes are shown in Figure 3. The situation that appears in Figure 3a does
not require further attention, as it coincides with the steps to be performed in the TPCM. However,
in the situation illustrated by Figure 3b: Ty < Tgy;;x and R cannot be estimated using Equation (2).
Nevertheless, it is possible to find a procedure to find R, as will be shown below.

Ve Ve

TR TRCI Tx i Tx
(a) (b)

Figure 3. Evolution of capacitor voltage, V,, in discharges through R.; (blue) and R (green). Vc(t) will
vary in accordance with the comparison of the value of the discharge time through R, T, with the
constant Ty. (a) Situation in which Ty is less than Ty. (b) Situation in which Ty is greater than Ty.
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As shown in Figure 3b, when discharging through R, the voltage in the capacitor will have reached
value Vg once time Ty has passed, which will obviously be a function of R (VR is greater than the logic
0 threshold voltage of the PDD input pins, Vy). Tx can be expressed as:

(19)

Ty = (R+ Ro)cm(@)

Vr

Moreover, if we define Tllacl (R) as the time taken by R.; to discharge the capacitor from Vg to Vi,
this time is given by:

) 1%
Tp(R) = (Ra +Ro>c1n(v—1;) 0)

Using the values of Tr.; and Tg.; given by Equation (1), Ty can also be written as:

Vo) o x
Ty = (R+R,)Cln(42) = (R+R0)c1n(VV—DJ§>)—1n( i ) ln(vf)

(2 (21)
1% TRe1—Tpq (R)
— R+ RU)Cln(VLfD) : (T’il)
and operating with this expression, we find that:
1% % Trer Ty
Ror, R+ Ro)Cln(VLj?) ~ (R + Ro)cm(v%o) Trt @ ~ Tret -
Ra=Ra (Ro + Ry)CIn(%2) - (Ra + Ro)CIn( ) TR~ Tra
finally resulting in:
TRC]'Tx _ T
Tra-Tpy (R) ~ ~ Rel
C. C

Therefore, R is estimated by FCM I according to the following pair of equations and conditions:

Tr=Tra _
Tre2=TRe1 (Re2 = Re1) + Rar, Tr <Tx
k= TRcil/Tx() ~Tre1
TRe1 TR (R)
(R ~Ra) +Ra, Tr2Tx

(24)

Expression (23) is slightly more complex than Equation (2) due to the computational cost of a
division, a subtraction, and an extra multiplication, as well as the comparison between times required
to decide which estimate to use. However, below, it is shown that Equation (23) allows a significant
reduction in TRy, and, in consequence, also in Tyy.

In order to find Try,, in this calibration method, it must be taken into account that Equations (5)
and (6) are still valid if T < Ty. If the calibration resistors and the charge time are identical in FCM I
and the TPCM, the only difference appears in Tg when Tr > T. For convenience, Ty and Tz/zcl will be
expressed as a function of a parameter «a, such that:

Ty = & Triax(TPCM) ~ - k- Ryax (25)

with Tre1 / TRimax < @ < 1 (the condition a < 1 obviously means that Ty < Trmax must be fulfilled).
Moreover, the maximum value of Vg, Vg, occurs when discharging through Ry;qy for time T

—aTRyax (TPCM)
Vanx = VDDE (Rmax+Ro)-C (26)
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and, therefore, the maximum of T;{d (R), TI’{C1 (Rmax), would be given by:

’ VRmax | _ V “TrRmax(TPCM
Tt (Rawe) = (Ret -+ Ro)Cln{ Y ) = (Raa -+ Ry Cin( 2 ) — e | @)
* 2 Rmax CM)-(R 0
— Ty (R) - “TePPORLAT) g, — akRa = (1- kR

where it has again been considered that R, is negligible in comparison with the other resistors that
appear in Equation (27). With this result:

TRmax(FCMI) = Ty + Ti . (Rmax) = a -k~ Rypax + (1 —a) -k-Req (28)
and bearing in mind Equation (6), we can write:
TRmax(FCMI) = Tryax(TPCM) — (1 — a) - k- (Rypax — Re1) (29)

Hence, as the second term on the right of this equation is always greater than zero, it is verified
that Tryax (FCMI) < Trpmax(TPCM). Since Tge; and Tge, are the same for both methods, we also have:

Tmax(FCMI) = Tyax(TPCM) = (1 = @) -k - (Rypax — Re1) (30)

and therefore, also Tyax(FCMI) < Tyax(TPCM). For example, if we again consider Ry = 0.15-AR + Ry
and Ry = 0.85-AR + R, we find that:

0.85- (1 — a)Ryuin

TRmax(FCMI) = |(0.15+0.85- ) + R TRimax(TPCM) (31)
and with Rpax > Ruyin:
TRimax(FCMI) = (0.15 + 0.85 - ) - Trypax(TPCM) (32)
Moreover, with the same choices and approximations, we have:
Tinax (FCMI) = (0.575 + 0.425 - @) - Tyax (TPCM) (33)

According to Equations (29) and (30), the reduction in time will depend on a. Hence, the smaller
this parameter, the greater the reduction in measurement times. However, « has an influence on the
precision and accuracy of the R estimates, as will be analyzed below, meaning that there is a trade-off
between method speed and accuracy.

We know that the uncertainty of FCM I in estimating the value of R, urcp 1(R), is equal to urpcp(R)
if Tg < Ty. The differences between the two uncertainties appear if Tg > T. In this case, the variance in
the measurements for the FCM I, u2 ., - (R), is given by:

FCMI
R \? OR \? OR
2 _ 2 2 2
uFCMI<R) - (aT%Cl (R)) u (TRcl (R)> + (&TRcl) u (TRC1> + (&TRCZ) u (TRCZ) (34)

which we have calculated using the value of R given by Equation (23). Moreover, when equating
Equations (2) and (23), we have:
TRe1

 Tre = Tp (R)

Tx Ty (35)

Using Equations (23) and (35) to evaluate Equation (34), after a few simple calculations, we obtain:

7V y R-R, TR (T 2 R-R, \2
uIZr'CMI(R) = I%[(T,Jljm) uZ(TRcl (R)) + (RcZ’éZ - Tlil ) (T_i - 1)) u2(TRC1) + (RCZ*Ril) uz(TRCZ) (36)
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Comparing this result to Equation (15) shows that the contribution of the variance due to Tg.; is
identical in both equations. Moreover, we can find the relationship between u?(T}, | (R)) and u?(Tg)
because, as indicated in [27], the uncertainties in discharge time measurements are approximately
proportional to the discharge resistance value when the trigger event occurs (if quantification error

is neglected):
€ €

— TR~ =CR (37)
nf Yi
Vr H(Vf)

u(Tgr) ~
(Tr) v;
where ¢ is related to circuit noise. With this result, we can write:

VI ’ ’
”(TRcl (R)) - ln( Vf) Tk (R) Tra  Tra(R) _ Tga

~ . = = 38
W ) T T® Tk T 38)
f
and also:
4T (R) . Ra (39)
u(Tr) R
Considering Equation (38), it is verified that:
TZR > 2(77

(Tme) * T (R)) ~ (TR )2 >1 (40)

u2(TR) "\,

Thus, the addend due to the variance of T} , (R) in Equation (36) is always greater than that of the
variance of Tg in Equation (15).

Finally, as the addend due to the variance of Tr.; in the FCM I is greater than its equivalent
in the TPCM whenever R < R, we can conclude that, in this situation, u%CMI(R) > u%PCM(R)
furthermore, a decrease of Ty (i.e. a) always means an increase in uIZ:CMI(R). However, if R > Ry,
a simple relationship between 2., . (R) and 7\,
depend on each specific value of Ty and R.

One last question remains to be analyzed regarding this method: the R, measurement. For all
the foregoing, it is obvious that R, discharges the capacitor up to V¢if Tr» < Tx. However, even if
Tre2 > Ty, the complete discharge process is also carried out through this resistor in FCM 1. However,
it is possible to perform the modified discharge process of R, if Tre > T. In this way, we achieve an
additional reduction in Ty, which is especially important in applications where a calibration in each
reading of R is necessary.

and

(R) cannot be extracted. This relationship will

4. Fast Calibration Method II

The basic idea of the Fast Calibration Method II (FCM 1I) is to further reduce T',x(FCMI) by
decreasing Tg.; using the modified discharge procedure for R.,. In order to do this, Ty must fulfill:

Trer < Ty < Tre2 (41)

If this condition is fulfilled, the capacitor voltage is Vg, in Ty when discharging through R,
and the time used in the discharge, from this voltage to V', would be T} , (Rc2). Following the reasoning
used to find Equation (23), it can be deduced that when verifying Equation (41) and Tg > Ty, R will be
given by:

Tre1-Tx -T Ty -1
TRcl _TIIQCl (R) Rel TRCl_TIl{cl (R)
R=—7- 7 (R =Re1) + Ry = — (R = Rat) + R (42)
Tea-Tr(Ra) ~ LRel Tra T, Ra) |

Rcl
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which can also be written as:

Tre1 =T, 1 (R2) Tx+ T (R)=Tre
R= a kel (RCZ - Rcl) +Ra (43)

Tre1 = Thq(R)  Tx + Thq(Re2) = Tra

However, if Tr < Ty, the modified discharge procedure only applies to R,, and therefore:

TR — Tre1
Tre1-Tx

—Rdx T
Trei—Tp, (Ra) — ~Rel

R = (R2 =Re1) + Ry (44)

Equation (43) is more suitable than Equation (42) to find the value of R, since the sums of Ty
and Ty ,(R) or Ty and Ty, ; (Rr2) can be generated by a single counter in the PDD simply without
resetting the counter when Ty is reached. Taking this into account, the number of additional operations
with regard to Equation (2) is only one division, one multiplication, and two subtractions (apart from
making the comparison between T and Ty). Moreover, the number of operations in Equation (44) is
the same as in FCM L

As for the temporal response, for Try,,(FCM 1I), we have:

Trmax(FCM II) = Tryyax (FCM I) (45)
However, Ty,x(FCM II) will be given by:
Tonax(FCMIT) = 2Ty + TI’QC1 (Rimax) + Tl’2 cl(RC2) 4+ Tre1 (46)

Only T, (Rc2) needs to be analyzed to evaluate this expression, since the other terms are known.
If we continue to use Equation (25) and proceed in the same way as when obtaining Equation (27),
Tr.q (Re2) will be given by:

T (Re2) = (Ret + Ro)CIn( 2 ) = (R + Ro)Cin( 42 ) - 2T |

Rel (R2+R,)-C
. (47)
Truax(TPCM)-(R1 4R, .
= Tre1 (R) - 2R ((Rcz_Hga() 1+Ro) ~ kR — a‘kRmaxllz_E;
where « is still determined by Equation (25), and it is also necessary to fulfill:
Tra1 TRre
——<a< 48
TRimax TRimax ( )
Considering Equation (47), Equation (46) can be written as:
Tonax(FCMIT) % 20tk Rynax + k- (1= ) - Ry + k- (1—a) - Ry + k- Rey =
‘ (49)
=20k Ryax + k- [3— a1+ 5=)] Ry
We can also find the difference between Ty, (FCM I) and Ty, (FCM I1):
R
Tonax(FCMT) = Tynax (FCMIT) = Trep = (T + Theq (Re2)) = k(Rea = Rcl)(l - aRL‘:‘) (50)
C.

considering the upper limit of a provided by Equation (48), the result of Equation (50) is always
positive, meaning that Ty (FCM II) < Tyax (FCM I).

Moreover, if we use R,y = 0.15-AR + Ryip, Ro = 0.85:AR + Ry, and Rpax > Rpin again,
we obtain:

Tyax(FCM II) ~ k(0.45 4 1.674 - &) Rypax = (0.225 + 0.837 - ) Tyuax (TPCM) (51)
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To finish the study of this method, the uncertainty in estimating the value of R, urcy 7(R), will be

analyzed, as in the previous calibration methods, by evaluating variance u%CMH(R) according to the

law of propagation of uncertainties applied to Equations (42) and (44):

) [ RV, R V., R Vo,
Gon®) = (570 | 12T + (57755 ) T )+ (57255 | T (Ra))

For Tr > Ty, using Equation (42), making the partial derivatives, taking into account Equation (35)
and also considering that for this case:

Tra
Ty = ——KL___T (53)
C 7 Tra — Ty (Ra) "

obtains:

R-Rp Tr+Tre\2 2V R-Rq Tao V'
evan(R) = | (A5 T2 () + () 02T () + (A58 7 ) (T (Re)| (60

X

Carrying out a study for this equation similar to the one for comparison u%PCM (R) and MIZTCMI(R)’
Equations (15) and (36), finds that
Tg > \Tx - Trer = urcmi(R) > urpem(R) (55)

but if Tr > Ty, taking into account that Tr.; < Ty, the condition in Equation (55) is always verified.
Moreover, if T < Ty, the law of propagation of uncertainty applied to Equation (44) generates the
following result:

1 Tr
ey (R) = 7 u?(Tr) +( (56)
Rcl

2 R—-R 12 ’
2 c1 Rc2 2
T + | = T R
) ! ( RCl) [RCZ Rcl ]Rcljx] ! ( RCl( CZ))

The only information provided by this equation is that if Tgey < Tr < Ty, then upcpp(R) >
urpcm(R). Based on the conclusions drawn from Equations (55) and (56), we can state that whenever
Tre1 < Tg, it is verified that upcp(R) > urpcam(R). In contrast, if Tr < Tge1, there is no clear
relationship between the uncertainty of this method and the others. Finally, it is important to note that
any decrease in Ty in Equations (54) and (56) translates into an increase in urcpgr(R), meaning that this
method again presents a trade-off between speed and accuracy.

5. Materials and Methods

The two calibration methods proposed in this paper, FCM I and FCM II, were tested and compared
with the traditional TPCM on an FPGA. The set-up for the circuit with the FPGA was made using
a Xilinx Spartan3AN FPGA (XC3S50AN-4TQG144C) [35] with an operating frequency of 50 MHz.
The time-digital conversion was performed by a 14-bit counter with a 20-ns time base. Using this
counter allowed us to measure discharge times of up to 2!* clock cycles, 327.68 us. A capacitor
with a 47-nF rated value was selected, which also complies with the design rules proposed in [28].
Moreover, this FPGA works with independent supply voltages for the input/output blocks and the
digital processing core, meaning that voltage noise due to digital processing is reduced. The voltage
for the pins of the DIC was 3.3 V, and the maximum current that an output buffer of this FPGA could
sink in order to maintain the integrity of the digital values was 24 mA. In order to demonstrate the
generality of the proposed methods, some tests were also carried out with 12 mA as the maximum
output buffer current. Finally, a battery of decoupling capacitors of different values was used in a
position very close to the supply input pins. The printed circuit board where the circuit was mounted
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is an FR-4 fiberglass substrate with four layers, leaving internal layers for supply planes and external
layers for the remaining signals.

Experimental tests were performed for 20 resistors with resistance values within the range of
260 Q3 to 7500 ). The resistance values were chosen to clearly show the differences in the performances
of the different calibration methods. This range was selected for two reasons. First, the range was
wide enough to show the performance of the proposed methods and secondly, the range coincided
with that of a resistive tactile sensor used by the authors. It was manufactured with a sheet of
piezoresistive material by the company CIDETEC. This sheet had resistances of 7400 () for pressures
of a few kPa up to 250 () for high pressures (around 280 kPa) [36]. In addition to the resistor to
be measured, two additional calibration resistors were added in order to asses different calibration
methods: R.; =1098.1 (Y and R, = 6165.3 (). All the resistors were measured using an Agilent 34401A
digital multimeter. The measurements were repeated 500 times for every evaluation of the discharge
time through each of the 20 resistors used in the tests. The discharge times through R.; and R., were
measured every time the measurement was repeated, meaning that 500 results could be obtained
for R, each one with its own measurements. Therefore, the maximum errors in each of the methods
were evaluated.

The logic circuits proposed in [37] were used to improve the detection of the trigger event in Pp.
In essence, each circuit detected the same transition 1 — 0 in a slightly different way, in an attempt to
reduce any influence on spurious transition measurements. This was finally achieved using the mean
of the different detections.

6. Results and Discussion

The experimental standard deviation for the discharge times of each resistor of the measured range
were used as the uncertainty value. The uncertainties when the capacitor discharge was completed
through the 20 resistors to be measured are shown in Figure 4. This chart confirms that there is a linear
dependence between u(Tg) and R (it should be remembered that the value of the capacitor was chosen
to achieve this ratio). Moreover, the least square regression line equation, which appears in the same
figure, shows that the independent term is small compared to the total value of u(Tg), as indicated in
Equation (37), except for the smallest resistors.

0.025
y = 2E-06x + 0.0051
0.02 R2 = 0.9866
v
g 0015
=
= 001
v
0.005
0

0 1000 2000 3000 4000 5000 6000 7000 8000
R(©)

Figure 4. Uncertainty in the discharge time measurement (discharge takes place through a single resistor).

Uncertainty does not behave in the same way in the case of discharge through the modified
procedure with two resistors. Figure 5 shows uncertainty in the total discharge time measurement
through R when the modified procedure was used. The value of Ty used in Figure 5b was half the
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maximum time we could measure with the FPGA counter, 163.84 us, since this Tx needs to use only the
most significant bit of the counter for its detection. For Figure 5a, Tx = 81.92 ps, the fourth part of the
maximum value, since only the second most significant bit of the counter was needed for its detection.
Finally, Figure 5c used Ty = 327.68 * 3/4 = 245.76 ps, so we only used the two most significant bits of the
counter for detection. There were two clearly differentiated zones for the different T, values shown in
Figure 5a,b,c: when discharge was solely through R, and when it was through R and Ry, respectively.
In the first case, the results are those shown to the left of the vertical dashed red line that indicates the
value of Ty, and coincide with the results in Figure 4.
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(4
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0.014
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L
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Figure 5. Uncertainty in the discharge time measurement when R intervenes, and the modified
discharge procedure is applied. (a) T = 81.92 s, (b) Ty = 163.84 ps, (c) Tx = 245.76 us.
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However, if the total discharge time is measured when R and R.; are used in the modified
procedure, the time used to evaluate the uncertainty is Tx + T, (R). The data now appear to the right
of the vertical red line and uncertainty is practically constant, as the trigger event always occurred
when discharging through R ;, which is consistent with Equation (37).

Figure 6 shows the errors obtained in estimating R when using FCM 1. Figure 6a shows the
maximum absolute errors, while Figure 6b shows the maximum relative errors. The errors were found
for the three values of Ty indicated above. For any Ty, Figure 6 shows similar errors up to the 2198 ()
resistor. This is the case since Ty = 81.92 us was approximately the discharge time through a 2000 (2
resistor, with the modified discharge procedure applying only for higher values. As of this resistance
value, the DIC with the lower Ty started to show greater errors. However, the errors were very similar
for Ty = 163.84 ps and Ty = 245.76 us, even for high R values. This behavior suggests the possibility
that, for each application, a range of values of T that reduces the discharge time with minimal effect
on accuracy can be found. Although the absolute errors increased whenever the resistance value to
be measured increased, Figure 6b shows how the relative errors remained practically constant, as in
the TPCM [27]. The maximum relative errors occurred for the smallest resistance values where the
quantification error was greater (since it is independent of the value of R).

25
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Figure 6. Maximum errors in the evaluation of R for different values of T in Fast Calibration Method
(FCM I). (a) Maximum absolute error, (b) Maximum relative error.
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Figure 7 shows the errors obtained in estimating R when using FCM II with the same three values
of Ty that were used in FCM I. It should be noted that these T, were always lower than Tg., (which had
a measured mean value of 253.3 us), and therefore allowed the modified discharge procedure of R.;.
For the same resistance values and T values, the maximum errors shown in Figure 7 were always
slightly larger than those in Figure 6, and maintained a fairly similar shape. Smaller T, had greater
errors when the resistance values were above 2200 ().
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Figure 7. Maximum errors in the evaluation of R for different values of T in Fast Calibration Method
II (FCM 1II). (a) Maximum absolute error, (b) Maximum relative error.

Figure 8 shows the comparison of errors between the TPCM and the FCMs for Ty = 163.84 us
and for maximum output currents of 12 mA and 24 mA. As can be seen, the shape of the error curves
was similar in all methods and both output buffer configurations. FCM II presents the greatest errors
if the resistance values were large, while TPCM and FCM I were very similar throughout the whole
range. The relative errors of the three methods were also quite similar. The results shown in Figure 8
largely concur with the uncertainty study carried out for the FCMs. Another advantage of FCMs,
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as highlighted in Figure 8, is that greater resistance values can be measured in the two proposed FCMs
for the maximum measurement time of the TPCM (which is determined by an internal FPGA counter).
The maximum resistor for the TPCM is 7464.5 (), while for the FCMs, it is 9963.7 ()).

14
ceede... TPCM 24mA
12 s FCM I 24mA Tx=163.84 us
<voceeos FCM 11 24mA Tx=163.84 us fa
g8 1 - TPCM 12mA ;
H <esdeeo BCM T12mA Tx=163.84 us s
5 <eeohee-- FCM II 12mA Tx=163.84 us ‘
Y 8 - X4
5 IRy
S RRY Sy
:8 ‘..l' ..' ..'
< e o
% 67 . SRR B |
< ':*-.'."'.... "_..-' j..,-ﬁ"““
- R
4 - A o
.‘,..r'--“ e
,r’;' PR N
of &
2 "':--1 # JRE 2oty
[':".: "'"-',;.:_:ﬂ - 'e’:' ‘-""-.,l',.‘-.t. _."'
*..- .,‘.-c.."”.i:fa .,'_.‘.:1:'...-.._:..‘ . '.“;”__‘3,.--““
'-...--'i""“l' £
0 T T T T T T T T T T T T T T T T T T T T T T T
Ao 4 & & &> % o ol A N Q o
A oy NG S N & 5 « § & A ©
A S R A AT R
R(Q)
1
0o | -e-@-- TPCM 24mA
T4 «-- FCM I 24mA Tx=163.84 us
0.8 - ceeedeees FCM II 24mA Tx=163.84 us
< -+ TPCM 12mA
5 07 1 <ot FCM I 12mA Tx=163.84 us
5 ic o @i ke FCMII12mA Tx=163.84 us
[0} N .o
Z
(o]
o 05 1
~
P
s 04 A
=
0.3
02
™ P TYY Ll R Yy Ty S P )
01 1 Ay - P t Bl + “ 25 (”"“_‘ ;-:c«:‘--m-.:
aogeife g i g gl g
0 T T T T T T T T T T T T T T T T T T T T T T T
: & W o A S & W S > o @
& & s A Ry e & & N 2 &
R(Q)
(b)

Figure 8. Comparison between errors evaluating R using the TPCM and the two FCMs for Ty = 163.84 us
and for maximum output current configurations of 12 mA and 24 mA. (a) Comparison between the
maximum absolute errors, (b) Comparison between the maximum relative errors.
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The Ryax of the TPCM (7464.5 () were used as a reference with regard to the reduction in time
necessary to estimate the value of a resistor when using the FCMs. Table 1 shows the Ty, and
Timax values for the different T used in Figures 5-7 in accordance with the method used. Obviously,
the TPCM shows the same values independently of Ty. Equally, Trpy.y is the same value for the
same Ty in the two FCMs. However, T,y is always lower in FCM II compared to the other methods.
The reduction in Ty, Varies between 17-62%, while the reduction in T}, varies between 9.5-55%,
depending on the method used and the value of Ty.

Table 1. Measurement times for Tg;;., and T,y as a function of Ty and of the calibration method used.
The Rmax value used was 7464.5 Q).

Ty (us) TRmax(us) Tinax(us)

* TPCM FCMIorFCMII TPCM FCMI FCM II
81.92 306.5 115.2 605.1 413.7 273.0
163.84 306.5 185.0 605.1 483.6 410.1
245.76 306.5 254.7 605.1 553.3 547.1

7. Conclusions

There are several direct interface circuit variants in the literature to convert the resistance of a
sensor to digital information. These differ in the accuracy of the measurements, the time needed to
perform the conversion, and the complexity of the arithmetic calculations. This article includes a
study of these parameters that shows that, among the most accurate methods (two-point calibration
method, or TPCM, and three-signal auto-calibration method, or TSACM), the TPCM is the most suitable
choice, as it requires less time for conversion and also produces less uncertainty when estimating
sensor resistance.

Despite being the fastest method, the TPCM requires three discharge times to measure a resistor.
As the discharge time through the sensor’s resistor increases with the value of this resistor, this time can
become excessive. To overcome this problem, we propose a modified discharge process in which part of
the discharge (previously performed through the resistive sensor only) is performed with the smallest
calibration resistor. This is what we call Fast Calibration Method I, (FCM I). If we also apply this
modified discharge procedure to the higher calibration resistor, R¢,, then we will be working with what
we call Fast Calibration Method II (FCM II). Logically, FCM Il is faster than FCM I; however, it has been
demonstrated that there is a trade-off between speed and uncertainty in these methods, meaning that
the FCM II presents greater uncertainties in measuring the sensor’s resistance value. A series of
experiments have been carried out using an FPGA as the programmable digital device, in order to
confirm the validity of both methods and evaluate the speed increase they provide, together with the
errors in the results. These experiments show that depending on the choice of parameters, reductions of
up to 55% can be achieved in conversion times without any appreciable increase in relative errors in
the estimates of R.

8. Patents

José Antonio Hidalgo Lépez, Jestis Alberto Botin Cérdoba, Oscar Oballe Peinado, José Antonio
Sanchez Duran. “Método y dispositivo para la medicion de resistencias mediante un circuito de
interfaz directa.” ES Patent with application number P201930781.
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