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Abstract: Successive-approximation (SAR) analog-to-digital converters (ADCs) are among the
most common and widely used general-purpose ADC architectures for their moderate resolutions and
sampling rates. This paper aims to study and understand the conventional SAR ADC by proposing
an N-bit architecture with a split capacitor digital-to-analog converter (DAC), and design, simulate,
and finally implement a functional 8-bit 1-kS/s 0-5V SAR ADC prototype on a breadboard. The
simulations and the tested prototype allow us to analyze the results and notice some of the most
relevant advantages and disadvantages of the SAR ADC besides its limitations.

I. INTRODUCTION

Any physical system provides a continuous signal of the
characterized magnitude. However, in an ever-growing
digital world, the vast majority of computers and devices
work in the digital domain since it is easier to manipu-
late, store and display data. The devices responsible for
this processing are the data-acquisition-systems (DAS),
in which analog-to-digital converters (ADCs) play a fun-
damental role. The processing begins when a transducer
receives and transforms the magnitude of the physical
phenomenon into an analog electrical signal. Once condi-
tioned, this signal goes to an ADC, which is the electronic
component in charge of discretizing it in the time domain,
quantizing it, and finally converting it into binary-coded
data that a digital device can process.

Overall, two parameters characterize the performance
of any ADC: the bit resolution and the sampling rate.
However, in eneral, if one is required, the other must be
forfeited and vice versa. Even so, different ADC archi-
tectures span the entire spectrum of resolutions and sam-
pling rates, each with unique characteristics and distinct
limitations. Hence, it is essential to choose the proper
ADC in terms of speed, accuracy, resolution, space or
power consumption according to the application [1].

The scope of this paper is to study the successive-
approximation (SAR) ADC, one of the most common
architectures for its moderate-to-high resolutions (8 - 16
bits) and sampling rates (1 kS/s - 10 MS/s) besides its
low-power consumption. This combination of features
makes it the ideal converter for portable data acquisition
systems that do not require high speeds or resolutions.
Take implanted biomedical acquisition systems, such as
pacemakers or cardiac defibrillators, for instance. These
devices, which are implanted in the human body and
used to monitor biomedical signals, tend to use this type
of ADC for its low power consumption and reduced area

2], 3]
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II. PROPOSED ARCHITECTURE

The SAR ADC is a counter-type analog-to-digital con-
verter based on a feedback loop operation resembling
the Ramp ADC and the Tracking ADC. However, unlike
these two, the SAR ADC has a successive approximation
register that performs a binary search algorithm to esti-
mate the value in the minimum sequence of counts within
the full-scale range.
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FIG. 1: Block diagram of the proposed N-bit SAR ADC ar-
chitecture.

As shown in Fig.(1), the main blocks of the conven-
tional SAR ADC comprise a sample-and-hold (S/H) cir-
cuit, a comparator, a successive-approximation-register
(SAR) and a digital-to-analog converter (DAC).

The conversion begins at the S/H circuit, where the
input voltage, V;,, is sampled, outputting an enduring
value for each conversion that will act as a reference for
the value to estimate. Simultaneously, an operational
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amplifier (op-amp) compares whether the proposed value
in the DAC is higher than the reference or not and, there-
fore, if the SAR logic has to clear or hold the bit during
the next iterations to get closer to the reference. Once
the conversion period has ended, the output register out-
puts only the last N bits of each conversion.

In the following subsections, each block of the proposed
SAR ADC architecture is depicted in more detail.

A. Sample-and-Hold Circuit

Most ADCs have a sample-and-hold (S/H) circuit at
the beginning, whose principal function is to hold the
value of the analog signal until the ADC has finished pro-
cessing all the information of each conversion. In some
SAR ADC, the DAC has a build-in S/H circuit, which
reduces the area and power consumption of the SAR [4].
However, in the proposed architecture, an explicit S/H
circuit independent of the DAC is suggested.

The most elementary S/H circuit only uses a capacitor
and an analog SPST switch, which toggles between the
sample and hold mode at the sampling rate. The switch is
closed during the sampling stage, letting the input signal
pass through and charge the capacitor. When the switch
opens, the capacitor is isolated from the input and holds
the value until the next conversion. A voltage follower is
often used at the output to avoid load effects.

B. Comparator

The purpose of the comparator is to contrast the val-
ues proposed by the SAR logic and later converted by the
DAC with the constant value of the S/H circuit, which
acts as a reference of the value to be estimated. As a re-
sult, the comparator generates a logic output depending
on whether the proposed value is higher than the refer-
ence or not.

The comparator consists of a single op-amp with no
feedback loop. Nevertheless, it is probably one of the
most crucial elements of the SAR ADC, not only because
it is the bridge between the analog and the digital do-
main but also because it limits the SAR ADC sampling
frequency. As the sampling rate increases, the op-amp
time to make a decision and reach saturation decreases to
the point where saturation is never reached again, which
results in misleading comparisons. Therefore, the maxi-
mum SAR ADC sampling rate depends on how quickly
the op-amp can make unambiguous decisions.

Besides being fast, the op-amp also has to be accurate
to resolve voltages within the resolution of the converter.
The difference between two discrete successive values de-
creases as the resolution increases, Vigp = Vref/2N .
Therefore, if the op-amp cannot resolve voltages below
VisB, higher resolutions will not be noticed.

To summarize, a high-performance and high-precision
op-amp is required considering that the comparator acts
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as a bottleneck for both resolution and sampling rate,
limiting the SAR ADC performance.

C. Successive-Approximation-Register

The SAR logic performs a binary search algorithm
based on a feedback loop to approximate the value in
the minimum sequence of comparisons between all quan-
tization levels. As shown in Fig.(2), the algorithm be-
gins with a start of conversion (SOC) pulse that erases
all bits from the previous conversion. Subsequently, the
SAR logic proposes a change in the most-significant bit
(MSB), setting it to 1. Then, if the feedback value of the
DAC is greater than the reference, the proposed change is
accepted, increasing the feedback value by V.. / N+l-n
where n is the bit number, and the bit remains set un-
til the next conversion. Otherwise, the SAR refuses
the change, and the bit is reset again to 0, decreasing
the feedback value by Vref/ZNH_”. Once the MSB is
known, the loop is repeated for the subsequent bits until
it reaches the least-significant bit (LSB). When all bits
have been checked, an end of conversion (EOC) control
signal is set high and the algorithm starts again.
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FIG. 2: Flowchart of the binary search algorithm used by the
SAR logic to approximate a value.

The suggested SAR circuit is shown in Fig.(3) and is
based on the one proposed in [5]. Its design comprises
N+1 set-reset D flip-flops that act as a sequencer and
another N set-reset D flip-flops as a code register. The
sequencer shifts a 1 on each clock cycle, setting the cor-
responding flip-flop of the code register so that the bit
and, therefore, the digital output change, proposing a
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new estimation. Moreover, the succeeding flip-flop of the
sequencer is used as a clock to decide if the proposed
value is accepted or refused depending on the feedback
of the comparator. At the end of each conversion all
flip-flops are reset.

wsB s

FIG. 3: Schematic of the proposed N-bit SAR logic circuit.

According to the proposed structure and algorithm,
the N-bit SAR ADC lasts N+2 clock cycles to complete
all the comparisons and approximate a value: N cycles to
perform the binary search algorithm, one cycle to store
the data and the last cycle to restart all the flip-flops.
Therefore, the internal circuit frequency, fork, has to
be at least N+2 times higher than the sampling rate, f;.

D. Charge Scaling DAC

The digital-to-analog converter is the block where dig-
ital data is converted back to analog and fed to the com-
parator to close the feedback loop.

The most common DAC architecture in SAR ADCs is
the binary-weighted capacitor due to its low-power con-
sumption. This architecture consists of a parallel array of
N binary-weighted capacitors followed by SPDT analog
switches connected to either V,.s or ground, depending
on whether the digital input is high or low. Consequently,
the output voltage will be a function of the charge in each
of the capacitors and can be generalized for any digital
input by Eq.(1):
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FIG. 4: Schematic of the proposed N-bit split capacitor DAC.
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However, high-resolution binary-weighted DACs re-
quire high-value capacitors, so in this case, in order to
reduce their values a slight variation was suggested. The
architecture proposed is the split capacitor DAC, which
adds an attenuation capacitor to split the array into
an LSB-side array and an MSB-side array, as shown in
Fig.(4). The value of the attenuation capacitor is deter-
mined by [6]:

1+ 50
Zno2

Where | and m are the number of capacitors in the
LSB- and MSB-side arrays and C is the unit capacitor.

As with the comparator, the DAC also plays a crucial
role in the SAR ADC performance, especially in terms of
sampling rate and resolution. On the one hand, the val-
ues of the capacitors limit the sampling rate of the SAR
ADC as enough time should be left between conversions
for the capacitors to charge fully. Otherwise, the com-
parator will decide before the voltages on the capacitors
are sufficiently settled, resulting in erroneous decisions.
On the other hand, the capacitor mismatch is one of the
principal sources of non-linearities in the DAC, limiting
the SAR ADC accuracy and resolution [7].

Catt = C10 (2)

E. Output Register

The output register is the last block of the SAR ADC,
and its functionality is to take the last bits of each con-
version and output them since those will be the closest
to the input signal. The output register consists of N
parallel D-type flip-flops with a common clock running
at the sampling rate, fs.

III. SIMULATION RESULTS

To simulate the circuit we used a high-performance
Simulation Program with Integrated Circuit Emphasis
(SPICE) software called LTSpice®. Although it is not
explicitly designed for logic circuit simulations, it also
incorporates, to a lesser extent, some digital behavioral
models that will suffice for the simulations proposed in
this paper. The aim of the simulations was to test the
performance of an 8-bit SAR ADC within the range of
0-5V using the architecture proposed in section II.

We wanted the simulations to be as close to reality as
possible since we intended to implement a real prototype.
For this reason, we tried to simplify the circuit as much as
we could, using the minimum number of voltage sources.
The analog components were polarized between +15V,
while the comparator and the digital components were
polarized between 0 and +5V. Furthermore, the +5V
voltage source was also used as V¢ in the DAC, caus-
ing the dynamic range of the SAR ADC to be between
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0 and 5V. Also, a variable frequency square signal was
used as a clock. Finally, in order to analyze the results,
we digitalized a 0-5V 10Hz sinusoidal signal, as shown in
Fig.(5).

Vin ——
Vour; f=1kHz
Vgur: fs=200Hz

0 20 10 60 80 100 120 140
t (ms)

FIG. 5: Simulation of the digitalization of a 0-5V 10Hz sinu-
soidal signal with the proposed 8-bit SAR ADC at different
sampling rates.

The best way to analyze the performance and linearity
of any ADC is through its transfer curve, which shows
the output of the ADC for each possible input. This
type of plot presents the non-linearities of a real ADC,
and therefore, a thorough analysis of the potential error
sources can be performed.
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FIG. 6: Transfer curve and quantization error, ., of the
proposed 8-bit SAR ADC architecture.

In Fig.(5), at first sight, several discrepancies can be
noted between the analog signal, V;,,, and the digitalized
ones, Vout. Apart from the fact that V;, is continuous,
whereas V,,,; is discrete, a shift between both signals ap-
pears. This shift is due to the nature of the SAR ADC,

Treball de Fi de Grau

as it requires a specific amount of time to perform the
binary search algorithm. As shown in Fig.(5), the higher
the sampling rate, the smaller the delay.

As we can see in Fig.(6), an intrinsic error appears due
to the quantization. This error is known as quantiza-
tion error, ., and is inherent to each ADC regardless of
the type. Ideally, Q. is a zero-centered sawtooth wave-
form no greater than %VLSB. In Fig.(6), we can see that
Q. differs slightly from the ideal one when quantizing
voltages near zero and V;..y, resulting in non-linearities
and ultimately in missing codes, as it can be seen in the
transfer curve and the Q. in Fig.(6) and the peaks and
valleys of the sinusoidal signal in Fig.(5). The responsi-
ble for these errors is the op-amp used as a comparator
(LT1001 [8]) and its polarization. Although the op-amp
is polarized between 0 and 5 V, the effective input range
is less than that, in our case between 0.9 and 4.1 V. Con-
sequently, the op-amp could not compare voltages below
0.9V and above 4.1V correctly. This error could be fixed
using a different type of op-amp or polarizing the com-
parator between -1 and 6V. However, as we did not have
another op-amp model and we wanted to use the mini-
mum number of voltage sources, the error was neglected
considering that it only affected the edges of the SAR
ADC performance and the fact that it was below 4V sp.

During the simulation process, we could observe that,
as mentioned in section II, the principal limitations of
the SAR ADC performance are the comparator and the
DAC, especially in terms of sampling speed and resolu-
tion. As far as the sampling rate is concerned, the simula-
tions allowed us to determine that the maximum speed of
the designed SAR ADC was 1kHz since, for higher sam-
pling rates, the comparator could not follow the system.
In our case, the converter was not affected by settling
problems since the capacitors of the DAC, Cy = 5nF,
were carefully selected according to the maximum sam-
pling frequency set for the converter. As for the reso-
lution, the comparator was a high-precision op-amp [8]
capable of resolving voltages below Vi sp. Therefore, the
accuracy of the ADC was mainly limited by the capaci-
tor mismatch in the split capacitor DAC considering that
to maintain a proper scaling between the LSB- and the
MSB-side array, the attenuation capacitor had to have
a fractional value according to Eq.(2). Given that this
fractional value is complicated to meet, it was approxi-
mated by Cyr ~ Cp, affecting the overall accuracy of the
SAR ADC.

IV. IMPLEMENTATION OF A SAR ADC

Finally, based on the proposed architecture and using
the simulations as a guide, an 8-bit 1-kS/s 0-5V SAR
ADC was implemented in a breadboard, as shown in
Fig.(7).

In order to check the proper performance of the SAR
ADC, a 1-4V 10Hz sinusoidal signal was digitalized at a
sampling rate of 100Hz. The result was checked in an
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FIG. 7: 8-bit 1-kS/s 0-5V SAR ADC prototype implemented
on a breadboard.

oscilloscope, as shown in Fig.(8).

FIG. 8: Digitalization of a 1-4V 10Hz sinusoidal input signal
(blue) with the implemented 8-bit 1-kS/s SAR ADC and the
output of the DAC (yellow). The subdivisions in the x axis
corresponds to 25ms and the y axis to 1V.

In Fig.(8), the expected results of the output of the
DAC can be observed and contrasted with the simula-
tions. The voltage of the sampled signal was set between
1-4V since, according to Fig.(6), the best performance of

the ADC is in this range. Also, as discussed in the sim-
ulations, we observed that for frequencies above 1kHz
the system could not digitalize the signal due to the low
speed of the comparator.

V. CONCLUSIONS

We have successfully achieved the implementation of a
functional 8-bit 0-5V 1-kS/s SAR ADC and digitalized an
analog signal with it, as shown in Fig.(8). Furthermore,
we have been able to characterize the linearity and per-
formance of the designed SAR, ADC through simulations
and face some of its typical errors and limitations, which
helped us understand the behavior of the SAR ADC in
depth. On the one hand, we have seen in both the simu-
lations and the implementation that the op-amp used as
a comparator acts as a bottleneck for the sampling rate,
not resolving frequencies above 1 kHz and this being the
maximum frequency of the SAR ADC. This limitation
has forced us to work in sampling rates lower than the
usual ones in this type of ADC. On the other hand, the
capacitor mismatch in the split capacitor DAC attenua-
tion bridge will limit the resolution and accuracy of the
system. Once we have obtained insight into the SAR
ADC behavior, future work may focus on improving its
performance, such as increasing the sampling speed or
resolution and also correcting errors.
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