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Abstract 

The paper presents a method for digital adjustment of the analog-to-digital converter transfer function. A 
converter with such adjustments is a useful tool for correcting non-linearity of  transducers, especially those with 
high linearity, in case of which the numerical correction would lead to loss of resolution. 
An implementation of such a converter to adjust a carbon monoxide sensor transducer has been presented. 
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1. Introduction 

In the area of state-of-art meters and measurement systems it is clear that three-
dimensionally dispersed measuring systems [5], in which a transducer and transmitting 
systems are placed “in-situ” in the measured object and the to-be-processed signal is 
transmitted to a centre, are more and more widely applied. 

The connection between test points and the centre could be wired, although it usually 
results in a complex and extensive wiring system which can introduce additional noise, affect 
the reliability and increase the overall cost. Therefore nowadays wireless connections are 
preferred. 

Wireless technology may facilitate the development of the three-dimensionally dispersed 
measuring system and decrease its cost. Wireless connections allow to avoid interferences 
caused by potential differences between particular points of the system. But the most 
important advantage of a wireless system over a wired one is that the transducer can be placed 
in a hard-to-reach place. The concrete tension measuring system where the tension transducer 
is imbedded in concrete along with the transmitter and feeding battery is a good example of 
that. Nowadays remote-read gas meters, due to novel transducers and transmitters capable to 
work failure-free for up to 10 years, provide another example of the usefulness of wireless 
systems. 

A new domain of application of wireless technology are so-called intelligent transducers 
i.e. measuring transducers integrated with analog-to-digital converters and micro-controllers. 
Such architecture enables the development of miniaturized measurement modules with 
processing capability allowing to pre-process the data e.g. to linearize the transfer function 
and normalize the output signal. This is especially practicable with transducers based on 
silicone technology [1]. 

The key element of such a measuring set is an analog-to-digital converter. The ADC units 
implemented in micro-controllers have resolutions of 10-12 bits in case of successive 
approximation analog-to-digital converters or 16 bits in sigma-delta analog-to-digital 
converters. However because of the conversion errors metrologically they can be considered 

Metrol. Meas. Syst. Vol. XVI (2009), No 3, pp. 511-518

Article history: received on Jun. 30, 2009; accepted on Sep. 25, 2009; available online on Oct. 2, 2009.



to be 8-10-bitted. Therefore, there is a necessity to develop a simple analog-to-digital
converter with low-level input current and appropriate metrological parameters.  

Resistance and non-linear transducers are a very large group which should be taken into 
account when an analog-to-digital converter is designed. Especially, when the transducer 
transfer function is highly nonlinear, correction in the analog-to-digital converter is preferred 
[6,7, 8, 9]. 

2. The Method 

Analysis of operation of different analog-to-digital converter modes showed that a 
converter with a pulse feedback [2, 3, 4] is the most suitable for this purpose. It belongs to the 
family of integrating converters. An advantage of the pulse system is the simplicity of its 
current mode logic, a disadvantage, that it converts only unipolar signals, although this 
limitation does not interfere with interfacing  measuring transducers, especially resistive ones. 
Additionally their transfer functions can be processed, what considerably facilitates the 
correction of transducer transfer functions. The block diagram of a converter with pulse 
feedback is presented in Fig. 1 and the voltage transient in the converter is shown in Fig. 2. 

-

+

-

+

Ux

Uo

K

R1

k

UI

UK

BS

R2

C

Up

f

T0

N
Counter

tp

Fig. 1. Block diagram of pulse feedback converter.

The current block of this converter consists of an integrator assembled with an operating 
amplifier, a capacitor C, resistors R1 and R2, a comparator K, a control block BS, a switch k 
and a reference voltage unit Uo. The output of the comparator is a signal, the frequency f of 
which is a function of the input voltage Ux. If the processed output is supposed to be digital, 
the output signal pulses are totting up in the counter, for a To period of time. 
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Fig. 2. Voltage transient in the converter. 
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The logic of this converter is that the voltage Ux is continually applied, via resistor R1, to 
the integrator. It causes the voltage UI at the output of the integrator to increase until it 
reaches the level of reference voltage Up. In the effect this switches on the comparator K and 
the control block BS. Block BS closes the switch applying a reference voltage to the 
integrator input, via the R2 resistor polarized opposite to the input voltage. The effect is that 
the voltage at the integrator output changes. After time tp the switch is switched off and the 
cycle repeats.  

The first stage of converter operation is described by the following formula: 
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At the second stage, when the reference voltage is applied to the integrator, the voltage 
transient at the integrator output can be expressed by: 
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In steady state the voltage increments at the integrator output equal: 

' " 0.U U+ = (3) 

Hence, summarizing integrals (1) and (2) we have: 
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Since the voltages Ux and Uo are constant, by transforming (4) we get the following 
expression for the frequency of the output converter signal: 
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and the number of totting-up pulses during time To equals: 

2 0

1

.x
o

o p

U R T
N T f

U R t
= =  (6) 

The expression (4) shows that in one processing cycle, the charge applied to the integrator 
equals the charge led out from the integrator at the applied reference voltage Uo. The 
measuring time of the converted voltage Ux i.e. the time of totting up pulses in the counter, 
equals To and during the entire period the lead-in and lead-out charge is in equilibrium. 
Taking it into account, the expression (4) takes the following form: 
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Assuming that the reference voltage Uo changes discretely, the (7) expression can be 
reformulated to: 
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If Uoi is constant during p sections, the expression (7) for the m-section can be expressed 
by: 
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The expression (9) shows that the transfer function of a pulse feedback converter can be 
adjusted by accordingly changing the reference voltage Uo during data conversion. Generating 
suitable Uo voltages involves the use of digital-to-analog converters, which expand the 
system, increases the cost and power consumption. 

It can be derived from formula (9) that the converter transfer function depends on the time 
of feedback pulse duration tp. In the converter shown in Fig.1 the time tp is generated by a 
monostable system, what does not ensure an accuracy high enough. It can be dealt with by 
modifying the converter as in Fig. 3. 
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Fig. 3. Block diagram of modified pulse feedback converter.

The modified converter operates so that the start of time tp is not at the moment of 
switching on the comparator but it is synchronized with the arrival of the first pulse from the 
generator fn after the comparator switches on. It is illustrated in Fig. 4. 
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Fig. 4. Voltage transient in modified converter. 

In this solution the tp interval can be generated by dividing the fn frequency in the divider. 
It causes some deviation in the output signal frequency but after averaging in the To period it 
does not effect the conversion accuracy. The same may apply to the To calculation. That is 
why To and tp times can be expressed as: 
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Substituting To and tp in (9) by (10) expressions we have: 
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Due to this solution, the converter accuracy depends only on R1/R2 ratio equity and 
accuracy of Uo generation. 

Substituting in (7) the integral by summing we have: 
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Taking into account the (10) expressions the (12) can be expressed as: 
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which proves that the pulse feedback converter transfer function can be adjusted through 
altering of the counter divider which determines the time of pulse tp. 

Assuming as above that qi values are constant in p periods we get: 
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The expression shows that in such configuration of the converter with pulse feedback it is 
possible to adjust, in a very wide range, the transducer transfer function approximated with a 
piecewise linear function. What is more, it is possible to achieve very high conversion 
resolution and accuracy, which depends only on the voltage stability, stability of the R1/R2

ratio and the reference voltage Uo constancy. The described converter can be also applied in 
interfacing resistance transducers, which can be put in place of the R1 or R2 resistors. In that 
case the input voltage Ux should be constant. 

3. Experimental

The method described above was implemented in remote measurement of CO 
concentration. A TGS 203 Figaro Engineering transducer was used for this purpose. It 
converts the CO concentration into resistance. The transducer’s range of operation is from 
2·10-4% to 0.8%. According to the manufacturer specifications the characteristic of the 
transducer is as follows: 

R(s) = 245.66·s-0.95 [Ω],  (15)
where: 

− R(s) – resistance of the transducer, 
− s – CO concentration [%].  

The transfer function of this transducer is shown in Fig. 5. It is close to a 1/x function. It is 
a highly nonlinear function. 
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Fig. 5. The transfer function of the CO transducer. 

The simplified diagram of the test setup is shown in Fig. 6.  

-

+

VCC

R1

C

k1

k2 UI

Cz

k2'

k2'

Rs

CC2500

MSP430F2131

P2.3

P2.2

P1.3

P1.2
T

C1

Uz

VCC/2

wireless
module

Fig. 6. Diagram of the CO measurement setup. 

The ADC setup consists of an integrator equipped with an amplifier and a capacitor C, a 
comparator integrated into the microcontroller MSP430F2131, switches k1, k2, k2’, circuit 
dividing the voltage in half and finally a reference resistor R1. Rs is the resistance of the 
investigated transducer. Individual conversion stages are controlled by the Texas Instruments 
MSP430F2131 microcontroller. Additionally, in order to improve the transducer resistance to 
temperature and voltage surges, an additional stage in which both integrator and comparator 
amplifiers are reset was incorporated. The reset voltage is kept on the capacitor Cz. To avoid 
using two supply voltages a voltage divider was inserted into the circuit which gave the 
reference voltage Uz. Due to this, the voltages applied to resistors R1 and Rs through k1 and 
k2 switches have opposite polarization in reference to Uz and equal ± VCC/2. The reference 
voltage for the comparator Up is taken from a divider inside the microcontroller. 

In the resetting stage (Fig. 7) the switches k1 and k2 are open and switch k2’ is closed. The 
integrator and comparator amplifiers are closed in a feedback loop and capacitor Cz is charged 
to the value of the inequality voltage of the integrator amplifier. After resetting the k2 switch 
is opened and k2 is closed for the entire conversion time and the converter is working in a 
normal pulse feedback converting mode. 
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Fig. 7. Voltages at the output of the comparator. 

Output pulses of the comparator are added in one of the counters integrated into the 
microcontroller with a second one generating T1 intervals for feedback pulses. Using the 
basic equation (8) describing the converter and applying formula (15) we get: 
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where:  
− N – impulse count from the counter, 
− T0 – conversion time.  

In order to balance the load in the T2 period it was assumed that R1 = 150 Ω, and Uz = 
VCC/2 which results in equation (16) being transformed to: 
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In order to achieve a linear relationship between the impulse count N and the CO 
concentration the following condition must be fulfilled: 

T2(N) = c·s0.95.  (18) 

The transfer function of the transducer was approximated with ten sections which ensured 
that the uncertainty was less than 3·10-3 %. Using equation (14) the variables defining T2 were 
computed in Table 1. 

Table 1. Values of correction coefficients . 

addr. coef. addr. coef. addr. coef. addr. coef. addr. coef. 
0 256 2 77 4 43 6 23 8 10 
1 112 3 57 5 32 7 16 9 4 

To test the feasibility of the proposed linearization technique, the CO transducer was 
simulated by a resistor. Fig. 8 shows the fitting error shapes – the difference between the ideal 
concentration s simulated at the input and the value at the output AD converter. 
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              Fig. 8. The full-scale error of the analog-to-digital converter. 

4. Conclusions 

The conducted experiments proved the suitability of the proposed new solution of the 
converter. The designed analog-to-digital converter achieves a stable resolution of 14 bits. 
The influence of temperature in the range of 0-30 oC is less than 0.02%. The main cause of 
errors are variations in the resistor R1 value and changes in the VCC voltage divider. Changes 
in the supply voltage in the range of +/- 10 % are unnoticeable. The achieved parameters are 
much better than typically demanded for CO concentration measurements, however they 
show the capabilities of the system. 
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