Chapter 1
Improved PWM A/D conversion technique:
working principle and model validation

José Miguel Costa Dias Pereira'”

Abstract

Analog-to-digital conversion plays a central role in any application of digital sensors and
sensor systems that require an interface between analog devices, namely analog sensors,
and digital devices, namely, microprocessors, digital signal processors or microcontrollers.
With the advent of smart sensing, the integration of signal conditioning, analog-to-digital
and digital data processing in single hardware devices became a reality. Moreover, the
usage of low-cost discrete A/D conversion techniques for applications that are not critic in
terms of accuracy, resolution or conversion rate, are considering increasingly mixed
hardware and software A/D solutions tailored for specific application demands. In this
context, this chapter presents a discrete low-cost A/D conversion solution based on pulse
width modulation particularly suited for microcontrollers' integration with smart sensing
devices.

1. Introduction

The development that has taken place in the area of microelectronics has allowed a
gradual implementation of the functions of acquisition, signal conditioning and signal
processing, on a common integrated circuit. Nowadays, smart transducers and
actuators include functions that go well beyond those of their classical counterparts.
These new transducers, usually denominated as smart transducers, are no longer
simple interfaces for the inputs and outputs of the measurement system and implement
an increasing number of functions supported by integrated processing units, namely,
microcontrollers (ULC) and digital signal processors (DSP). The new functions and
capabilities associated with smart transducers include self-test, auto-calibration, auto-
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identification, errors' correction, auto-ranging, selection of engineering units, data
logging, adaptability, A/D conversion flexibility, among others.

However, the integration of sensors, signal conditioning and signal processing
functions in a single integrated circuit (IC), using micromachining technologies
(MEMYS), create new challenges, such as, the ones that results from the interferences
between analog and digital signals.

Another limitation that results from the integration of sensing and signal processing
units is related with the low accuracy of the analog integrated components, whose
absolute variation can be as high as 50% of the nominal value of the components,
although, this variation, in relative terms, of components' values with the same
nominal value is typically much lower (0.1%).

Another relevant issue that affects measurement accuracy is related with the influence
variables effects that affect directly A/D conversion accuracy. These effects must be
compensated by measuring the influence variables or, more wisely, by using methods
that automatically cancel the negative impact of those variables [1].

Considering the relevance of these issues, this chapter focus a particular type of
discrete A/D conversion techniques based on the usage of pulse width modulated
(PWM) signals [2-4]. Different PWM modulation schemes are analyzed and an
improved PWM based A/D conversion method (PWM), based on the number of
pulses counting (NPC), is presented. The originality, simplicity, and flexibility of this
method are underlined and the advantages for smart sensor linearization and for the
dynamic adjustment of the conversion range will be focused in a second chapter of
this book that is dedicated to simulation and experimental results that can be achieved
by using the proposed PWM-NPC A/D conversion method. The proposed conversion
technique can be implemented easily using any low-cost microcontroller that includes
capture, compare and PWM (CCP) modules.

Considering the main characteristics and advantages associated with discrete A/D
conversion techniques, it can be referred that these conversion techniques are
associated with very simple working principles that use discrete components and low-
cost processing devices that are already included in the majority of smart sensing
systems. These conversion techniques are adaptive and enable an easy establishment
of compromises between different A/D conversion performance parameters, such as,
accuracy, resolution and conversion speed, that could be essential in applications that
demand very low power consumption levels, such as the ones that use wireless sensors
[5-6].

This chapter also includes several simulation and experimental results that validate the
working principle of the A/D converter and confirms its design parameters. A second
chapter, of this book that must be read after this one presents experimental results
related with the application of the proposed A/D conversion method for linearization
of transducers characteristics being the achievements, in this area, recognized by
several scientific works published by the author [7-9].



2. Basics of PWM A/D conversion

The microcontroller device has a widespread usage in smart sensing systems. Thus it
is important to take advantage of its potential to perform A/D conversion tasks. The
implementation of discrete A/D conversion can be achieved by using exclusively
digital input and output ports of the microcontroller. It becomes possible to implement
low cost A/D conversion techniques, using only digital input and output lines of the
microcontroller together with passive resistors and capacitors (RC) components and
elementary conversion algorithms with low demands on microcontroller's
computational load or memory requirements. Of course, this solution has its own
limitations, particularly in terms of conversion rate, but cost and flexibility, in terms of
accuracy, resolution and conversion speed, are a significant advantage in a large
number of smart sensing applications when low cost implementation is crucial to
justify their economic viability.

2.1 Traditional PWM based A/D conversion

Traditional PWM and elementary based A/D conversion requires only the generation
of a digital PWM signal with adjustable duty-cycle (DC). The main elements of a
discrete PWM based A/D conversion includes the PWM signal generated by the
microcontroller (Vpww), the low pass filter (LPF) and a voltage comparator (C).
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Fig. 1. Main elements and signals of a discrete PWM based A/D converter.

The average value of the Vpwy signal represented in figure 2, which is obtained at the
output of the LPF, is given by:
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Fig. 2. Vpwy signal (T- period; T1/T- DC; VL- low voltage amplitude; VH- high voltage amplitude).

In order to obtain an output voltage (V) almost constant, during the conversion cycle,
the value of the RC constant should be much greater than the period of the PWM
signal (RC>>T). Under these conditions, the filter output voltage is approximately
given by:

(1-DC) DC (2)

Ye="T100 Vr*100 V¥

where DC is the duty cycle ("duty cycle"”) of the PWM signal defined in percentage
terms by:

DC =100- % 3)
Assuming, for simplicity of analysis, that Vi= 0 and Vg= Vggg, the input voltages of
the comparator are equal if:

DC 4)
Vin = 700 VREF

As long as the end of conversion (EoF) condition is given by the equalization of the
input voltages of the comparator, the digitalization result of the input voltage is
associated with the DC of the PWM signal and the full-scale (FS) range of the A/D
converter is equal to Vgrgr. Two features result directly from the operating principle of
this type of converter. One concerns the range of conversion that should be between
VL and Vy and the other concerns the resolution of the converter, which is directly



associated with the setting resolution of the DC coefficient. It is also important to refer
that if RC>>T the conversion time will be, obviously, large.

Each average value of the PWM voltage, for each value of the DC coefficient,
obtained at the low-pass filter (LPF) output, corresponds to the A/D converter
transition voltages. For an n bit converter there are 2"-2 values of transition voltages,
being the quantization step (Q) of the converter equal to the difference between two
adjacent transition voltages. Using an optimistic assumption that there is a negligible
value of the RC time constant, the conversion time (Tc¢) that is associated with a
sequential search of all transition voltages is given by:

TC = (2n —2) Zn 'TCLK = 4n 'TCLK (2n >> 2) (5)

where Tk represents the timing resolution of the Vpyw DC signal.

Figure 3 represents the conversion time of the A/D converter as a function of the
converters' number of bits for two different values of the temporal resolution of the
microcontroller.
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Fig. 3. Conversion time (T¢) of the A/D converter for two different values of the clock signal period
(Tcrk=1 ps and T k=10 ps ) when the A/D converter number of bits varies between 4 and 12.

It is clearly visible that the growth of the conversion time is exponential with the
converter's number of bits, reaching easily conversion times (T¢) about one second for
typical resolution values around 8 bits.

In order to obtain an output LPF voltage (V¢) fluctuation ("ripple”) less than 1 LSB,
the following condition must be fulfilled:
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where T represents the period of the PWM signal and n represents the number of bits
of the ADC.

Figure 4 represents the relationship between V¢ voltage ripple and the ratio between
the time constant (RC) and the PWM signal period (T) for a converter with 8 bits (n =
8). From the figure, it can be verified that to obtain an 8 bit converter, the ratio RC/T
must be greater than 255.
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Fig. 4. Relationship between the filter output voltage ripple and the ratio between the time constant
(RC) and the PWM signal period (T) for an 8-bit converter.

Based on (6), it is possible to obtain the expression of the minimum value of the time
constant (RCy,) of the LPF that is given by:
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From the previous expressions it can be concluded that the usage of this conversion
technique is only acceptable for input signals Vi, with a very low bandwidth.
Moreover, the main factors that affect the accuracy of this method are associated with
the offset voltage of the comparator and with the impedance of the RC load at the
digital output of the microcontroller. The first problem can be minimized with the
usage of a precision comparator, or by using self-calibration techniques [10-18] and
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the second problem can be minimized by using a voltage follower ("buffer”) at the
interface between the output of the microcontroller and the LPF input.

By the other hand, as a great advantage of this A / D conversion technique it can be
mentioned its simplicity and low cost of implementation that are magnified if the
microcontroller has a PWM output port, an integrated comparator and dedicated
instructions for programming PWM signals.

3. Improved PWM based A/D conversion

This section describes the operation principle of the PWM NPC A/D converter
including simulation and experimental results. Dimensioning of design parameters of
the converter is also addressed.

3.1 Block diagram and principle of operation

The working principle of this conversion technique is substantially different from the
one described previously. As a matter of fact, the principle is quite similar to the
sigma-delta conversion technique [19-22] but the converter feedback loop includes the
processor device, usually a microcontroller, and charging/discharging RC circuit that
receives high and low voltage pulses from the processor device. Recent advances in
technology enable the usage of Arduino [23-24] and ESP [25-26] based solutions to
take advantage of their increased gains in the manipulation of the resolution and
frequency of PWM signals.

Figure 5 represents the basic circuit diagram of this converter and it will be
demonstrated that its conversion time is much lower than the one obtainable with the
traditional PWM A/D converter, previously described. From now on, the improved
PWM A/D conversion technique will be denominated as PWM A/D conversion based
on the number of pulses counting (PWM NPC A/D).
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Fig. 5. Circuit of a PWM NPC A/D converter (initialization SW ON: Vy=Vin).



In this variant of the PWM based A/D conversion method the RC time constant is
scaled for an incremental voltage variation (AV¢) during the time of each pulse Vpyr
generated at the output of the microcontroller to have an absolute value about 1 LSB.
Regarding the working principle of the PWM NPC A/D, it can be described as
follows. After the start of conversion (SoC) trigger, the capacitor is initialized with the
value voltage to be converted (Vj,) and during the conversion cycle Vpyy is setup by
the microcontroller according to the output signal delivered by the comparator. If Vi,
is higher than V¢, Vpyy is set to its high voltage value (Vg), otherwise, if Vj, is lower
than V¢, Vpyy is set to its low voltage value (V). At the end of the conversion (EoC)
cycle the total number of high pulses (m) and low pulses (p) is directly related with
the result of the input signal digitalization.
To analyze in a greater detail the working principle of this converter, several
simulation routines were developed in MATLAB. Three simulation cases will be
presented and their results analyzed. In the simulation a constant voltage (Vj,) will be
considered with a normalized amplitude, relatively to the full-scale range (FS) of the
converter, varying in the [-1; 1] interval with increments equal to 0.5 LSB units.
Different values of the ratio between the charging and discharging pulses (Tp) and the
RC circuit time constant will be considered. In all the simulations, and for
convenience of graphical interpretation of the results, it is considered an hypothetical
ideal converter with 5 bits being the conversion results given by the number of
charging pulses (p), with amplitude equal to Vy, and the number of discharging pulses
(m), with amplitude equal to Vi, that occur during the conversion cycle containing a
total of 32 (2") charging or discharging pulses.
Assuming an ideal behavior of the PWM NPC A/D converter (Vapc=Vin), it is
possible to obtain the following relationship:
v _pVyg+m-Vg (8)
ADC =T o
where Vapc represents the voltage amplitude of the digitized voltage, p and m
represent the number of charging and discharging pulses, with amplitude equal to Vg
and V, respectively.
Since the FS range limits are associated with Vi and Vy, the quantization step
amplitude is given by:
0= Vg -V 9)
2}1
where n represents the number of bits of the converter.
By its turn, the normalized quantization error, in LSB units, is given by:
£ = Yapc =Vin (10)
¢ 0



3.2 Expression of the converter characteristic function

Based on the block diagram represented in Figure 5, it can be concluded that the
feedback loop, comprising the comparator, the microcontroller and the low-pass filter,
acts so maintain the voltage on the capacitor (V¢) around the input voltage to be
converted (Vj,) with amplitude variations in the order of 1 LSB. Once the voltage
across the capacitor is initialized to the value Vj, that voltage V. remains close to Vi,
the average value of the voltage Vpyr, during the conversion time (T¢) must be in the
case ideal, equal to the voltage to be converted being the voltage variation at the
output of the LPF filter given by:
At
AVC:(VF—VC())'(I—e T ) (11)
where Vo represents the initial capacitor voltage, the time constant T is the time
constant of the LPF and Vg represents the charging or discharging voltage level
delivered by the microcontroller (Vpyr). Being Ty and Ty the time duration associated
with the high and low voltage pulses, with amplitudes equal to Vyg and Vi,
respectively, the capacitor voltage at the end of the conversion cycle, is given by:
_Tn I

Ve(t)=Vip+m(Vyg =V, )-(1=e T )=p(Vy, =Vp)-(1—e T )  (12)
where m represents the number of high voltage pulses and p represents the number of
low voltage pulses.
Since, it is assumed that at the end of the conversion period the voltage V(t) remains
equal to Vi,xQ, where Q is much smaller than Vj,, the following relationship is a valid
approximation for V¢(Tc):

mk k

zmkH +HpkLVH+mk:+kaLVL (13)
Being the coefficients ky and k; defined by:

Vin

T
kH:(l—e T )

1 (14)
kL:(l—e T )

If the durations of the high and low pulses are equal (Ty=Ty), the relationship between
the voltage to be converted by the PWM NPC converter and the number pulses, is
given by:

m

in

=m+p'VREF (15)
being considered, for simplicity, that Vy=Vggr and V= 0.
Thus, since the total number of pulses (m + p) is equal to 2", we can conclude that

there is a linear relationship between Vj, and the positive pulses number (m) generated
during the conversion cycle, being the quantization step of the converter equal to



FS/2". Note that for the voltage values considered in (15), the FS of the converter is
equal to Vggr.

3.3 RC time constant dimensioning

In order to obtain a voltage variation on the capacitor ("ripple”) of 1 LSB (Q=FS /2",
the following relationship must be verified:

AVCZ(VF_VCO)' I—E_T E% (16)

where Vr represents the high voltage pulse amplitude and Vo represents the initial
voltage of the capacitor.
Considering an input voltage in the middle of the conversion range (Vco=FS/2) and
2">>1, and performing a first order development of the exponential function (Tp<<T),
it is possible to obtain:

Tp_ L (17)

T on

Considering that the microcontroller pulse has a time resolution equal to T¢ g, the conversion time is
given by:

Tc=2" Terx (2" >>1) (18)
Comparing expressions (5) and (18) with it is possible to conclude that the conversion
time of the PMW NPC A/D converter is, at least, 2" times lower than the conversion
time of the traditional A/D PWM converter.
Figure 6 depicts the conversion time of the PWM NPC A/D converter as a function of
the number of bits of the converter for two different values of the temporal resolution
of the microcontroller PWM signal (Tc¢pk).
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Fig. 6. Conversion time (T¢) of the PWM NPC A/D converter for two different values of the clock
signal period (T¢px=1 us and T¢ =10 ps ) when the A/D converter number of bits varies between 4
and 12.



Comparing the results represented in the previous figure with the results previously
obtained (figure 3), the conversion time that is obtained with this conversion technique
is much lower than the one obtained with the traditional PWM conversion technique,
which means that it possible to increase substantially the conversion rate of this
converter and the bandwidth of the input signals that can be digitized.

3.4 Conversion range

The conversion range of the PWM NPC A/D can be dynamically and easily settled by
changing the voltage values associated with the high and low voltage pulses. If V'y
and V'L are the new voltage values associated with the high and low voltage pulses,
respectively, the resolution of the converter is given by:

o=Yn VL (19)
2}1

which corresponds to an A/D converter resolution gain, given by:

ne = zogz[%} (20)
H VL

As an example, figure 7 represents a circuit that that subdivides the FS range of
conversion into 4 segments, which correspond to a theoretical 2-bit resolution gain. If
the 2 lines conversion codes, Cy, and Cy, are, for example, equal to '01', the conversion
range will vary between FS/4 and FS/2 and the number of bits of the converter will be
equal to n+2, instead of n. Obviously, the number of bits gain can be increased using
additional resistors in the voltage divider that could be an integrated R/2R resistor
ladder network. However, calibration requirements are more critical since there are
new error sources associated with the accuracy of the resistor ladder network and with
internal resistances of the analog multiplexers (S).
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Fig. 7. Circuit that subdivides the FS range of the PWN NPC A/D converter into 4 segments (S- analog
switch, DI- digital input, DO- digital output, MUX- analog multiplexer, FS- full-scale range).

4. Simulation results

In order to validate the theoretical analysis and conclusions in the previous sections,
several programs were developed in MATLAB to evaluate the magnitude of the
quantization error as a function of the ratio between the pulse duration (Tp) and the
time constant (RC) and also the ratio between the converter’s number of bits (n) and
the oversampling factor (N). This ratio was defined as the ratio between the sampling
frequency and the frequency of the signal input (Vj,) that is assumed to be sinusoidal.
Simulation routines contain an option parameter to considerer that during the
conversion cycle the input voltage is constant (S&H=ON) or variable, according to the
dynamic variation of the input signal (S&H=OFF).

4.1 Voltage variation in the capacitor during the conversion cycle

Figure 8 represents the amplitude variation of the average voltage module in the
capacitor as a function of the normalized input signal amplitude for three different
values of the ratio Tp/RC.

The simulation parameters were defined as follows: Vy=1/2; Vi =-1/2; n=5 bits;
N=128; S&H=0ON).



The average value of the amplitude of the voltage module of the variations in the
capacitor is normalized relatively to the quantization step (Q) and the amplitude of the
input voltage (Vi,) is normalized relatively to the conversion range ([-1/2, 1/2]).
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Fig. 8. Average value of the amplitude of the voltage variations in the capacitor as a function of the
normalized input voltage for three different values of the ratio Tp/RC.

As expected, there is a maximum amplitude of the average module voltage in the
capacitor for the central value of the conversion range and the amplitude of the
voltage also increases with Tp/RC ratio. The simulation results also confirm that in
order to obtain an average voltage variation of the voltage across the capacitor equal
to the quantization step (Q) the ratio between the pulse duration and the time constant
(Tp/RC) must be equal to 1/2" where n represents the number of bits of the PWM NPC
A/D converter.

4.2 Quantization errors for a sinusoidal signal

Figure 9 represents the quantization error, over a period of a sinusoidal input signal
with unitary normalized amplitude and the following simulation conditions: N=1024,
n=35, T1>/RC=1/25 and S & H=ON (with input signal retention).

The measured errors, in LSB units, are evaluated as the difference between the voltage
associated with each output code converter and the input voltage to be converted (Viy).
for each one of the 1024 (N) samples contained in the sinusoidal signal cycle. Using a
ratio of Tp/RC given by (17), the amplitude variation of the voltage across the



capacitor, during each sample conversion cycle, is approximately equal to 1 LSB, as
expected.
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Fig. 9. Simulation results of the quantization errors during a period of a sinusoidal signal with a unitary
normalized amplitude (simulation parameters: N = 1024; n = 5; Tp/RC = 1/25; S&H=0N).

The maximum amplitude of the quantization error occur for input voltage values that
approach the limits of ADC conversion range. Figure 10 represents the amplitude of
the quantization errors when the amplitude of the input sinusoidal signal is reduced to
1/4 of the maximum normalized amplitude value (amp = 1/4).
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Fig. 10. Simulation results of the quantization errors during a period of a sinusoidal signal with a 1/4
normalized amplitude (simulation parameters: N = 1024; n = 5; Tp/RC = 1/25; S&H=0N).



In this case the amplitude of the quantization error is reduced significantly compared
to the case discussed previously, since the input signal voltage values are away from
the boundaries values of the ADC conversion range.

By its turn, Figure 11 represents the conversion errors obtained with the following
simulation conditions: N=64; n=8; TpﬂQCzl/28 and S&H=OFF (without input signal
retention). In this example, being de S&H parameter OFF, the conversion error
function is much higher and its profile is modulated by a cosine function variation.
This result was also expected since the ratio between the number of codes of the A/D
converter (2") and the oversampling factor (N) is equal to 1/4 being the delay of the
conversion error function, relatively the sinusoidal variation of the input signal (Vi,),
equal to a quarter of period.
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Fig. 11. Simulation results of the conversion errors during a period of a sinusoidal signal with a unitary
normalized amplitude (simulation parameters: N = 64; n = 8; Tp/RC = 1/28; S&H=OFF).

In order to analyze the importance of the S&H capability in the PWM NPC A/D
converter, a new simulation was performed for a different value of the oversampling
factor (N) when the others simulation parameters remain equal. Figure 12 represents
the conversion errors that are obtained using the following simulation conditions:
N=512; n=8; Tp/RC=1/2" and S&H=OFF (without input signal retention). Comparing
these results with the ones previously obtained with N=64, the main conclusions
remains but the amplitude of the conversion error is substantially reduced, from
almost 12 to 2 LSB, since the variation of the input signal during the conversion
period decreases as N increases.
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Fig. 12. Simulation results of the conversion errors during a period of a sinusoidal signal with a unitary
normalized amplitude (simulation parameters: N =512; n = 8; Tp/RC = 1/2% S&H=0FF).

However, it is important to underline that the increasing of the oversampling factor is
limited by the specifications of the microcontroller that is used. Moreover, an increase
of the oversampling error is associated, for a given conversion bandwidth, by other
non-idealities of the hardware, namely by the increase of the distortion of Vpwy.
provided by the microcontroller, when the pulse width value (Tp) decreases.

In order to analyze the variation of the conversion errors as a function of the input
signal variation, several simulations where performed for different values of input
signal amplitudes. Figure 13 represents the error that where obtained for different
values of normalized input signal amplitudes using the following simulation
conditions: N=64; n=8; Tp/RC=1/28 and S&H=OFF (without input signal retention).
As expected, the amplitude of the conversion error increases with the amplitude of the
input signal and, for a given amplitude, the profile variation of the error function is
proportional to the input signal slew-rate, being the error maximum when the input
signal has a maximum or minimum derivative value (zero crossings for sinusoidal
signals). By its turn, the quantization error is null when the input sinusoidal function
has a maximum or minimum amplitude value (null value of the derivative of a
sinusoidal signal).
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Fig. 13. Simulation results of the conversion errors during a period of three sinusoidal signal with
different normalized amplitudes (simulation parameters: N = 64; n = 8; Tp/RC = 1/2% S&H=O0FF).

To conclude the simulation tests the effect of noise was briefly analyzed. Figure 14
represents the conversion errors for the following simulation conditions: N=128; n=8;
Tp/RC=1/2°%; S&H=ON (with input signal retention) and a random Gaussian input
noise amplitude equal to 1 LSB. As expected, the effect of the noise increases the
amplitude of the PWM NPC A/D conversion errors. Comparing the present results
with those obtained without noise, it's possible to conclude that the maximum
amplitude of the conversion error almost doubled compared when the maximum
amplitude of this error in the absence of noise (1 LSB).
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Fig. 14. Simulation results of the conversion errors during a period of a sinusoidal signal with a unitary
normalized amplitude (simulation parameters: N = 64; n = 8; Tp/RC = 1/28; S&H=O0ON; noise_amp=1
LSB).

5. Experimental results

A basic prototype was developed to test the PWM NPC A/D converter. The main
elements used to implement the experimental prototype include a microcontroller [27-
28], a comparator [29] and a low-pass filter (RC). Some bi-directional I/O ports of the
microcontroller were used to control analog relays to initialize A/D conversion, to
define A/D conversion range and to implement auto-calibration based on three
reference voltage values: ground; FS and FS/2. The experimental apparatus also
include a data acquisition board with a maximum sampling rate of 200 kS/s [30] and a
function generator with a spectral purity better than -70 dBc [31]. The tests were
performed with a sinusoidal signal of 1 kHz and amplitude equal to 1 V.

In order to evaluate offset and gain errors of the A/D converter some results that are
presented in this section did not consider a previous cancelation of the offset and gain
errors.

Figure 15 represents the simulation errors expected for the following simulation
conditions: N=128; n=8; Tp/RC=1/256 and S&H=ON (with input signal retention).
The mean value of the absolute conversion error and its standard deviation error are
equal to 0.2767 and 0.3355 LSB units, respectively.
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Fig. 15. Simulation results of the quantization errors during a period of a sinusoidal signal with a
unitary normalized amplitude (simulation parameters: N = 128; n = 8; Tp/RC = 1/256; S&H=ON).

Conversion errors that were obtained, without compensation of offset and gain errors,
are represented in figure 16.
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Fig. 16. Experimental results of the conversion errors without compensation of offset and gain errors
(S&H=ON).



The high magnitude of the errors is caused by the offset and gain errors of the
converter that were not compensated. The mean value of the absolute conversion error
and its standard deviation error are now equal to 2.9814 and 3.0344 LSB units,
respectively. Using the sine wave curve fitting technique [32] it was possible to
evaluate an offset error equal to approximately 2 LSB and a relative gain error,
referenced to FS, approximately equal to 2%.

Figure 17 represents the difference between the A/D converter error, after removing
the offset and gain errors, and the quantization error obtained by simulation. The mean
absolute value of this difference error and its standard deviation error are now equal to
0.6375 and 0.7457 LSB units, respectively. The amplitude of these errors is acceptable
and the difference corresponds approximately to a random noise with amplitude
approximately equal to 0.5 LSB.
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Fig. 17. Experimental results of the difference between the conversion errors, after compensation of
offset and gain errors, and the quantization errors (S&H=0ON).

Experimental tests were also performed without retention of input signal during the
conversion cycle (S&H=OFF). As an example, figure 18 represents the difference
between the A/D converter error, after removing the offset and gain errors, and the
quantization error obtained by simulation without S&H usage. In this case, the mean
absolute value of this difference error and its standard deviation error are now equal to
2.9974 and 3.0207 LSB units, respectively. As expected, in this case the amplitude of
these errors are not explained by a random noise with an amplitude approximately
equal to 1 LSB since the main cause for the errors is now related with the inexistence
of the retention function (S&H=OFF).
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Fig. 18. Experimental results of the difference between the conversion errors, after compensation of
offset and gain errors, and the quantization errors (S&H=OFF).

6. Conclusions

This chapter underlined the main advantages associated with an improved variant of a
discrete A/D method based on PWM. The proposed A/D conversion method can be
easily implemented in low-cost microcontrollers that include CCP capabilities even if
they haven't internal ADC. The main advantages of the presented A/D method include
a flexible and adaptive adjustment of A/D conversion range, accuracy and non-linear
conversion transfer characteristic profile that can be used to perform the linearization
of, previously calibrated, analog measurement channels. All the adjustments that were
referred can be performed in real time by software to optimize the performance of any
smart sensing system. The chapter also includes a detailed explanation of all the
elements of the discrete A/D converter and of the operation principle of the PWM A/D
converter based on pulse counting. Several theoretical relationships were deduced and
validated by simulation and experimental results.
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Abbreviations and symbols

A/D - Analog-to-Digital

ADC - Analog-to-Digital Conversion
C - Comparator

CCP - Compare, Capture and PWM
DC - Duty-Cycle

DSP - Digital Signal Processor

EoC - End of Conversion

FS - Full-Scale

I/O - Input-Output

LPF - Low-Pass Filter

LSB - Least Significant Bit

MEMS - Microelectromechanical Systems
n - Number of bits of the ADC

NPC - Number of Pulses Counting
PWM - Pulse Width Modulation

Q - Quantization step amplitude
S&H — Sample-and-Hold

T - Period

T¢ - Conversion Cycle time

(LC) - Microcontroller



