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SAR Analog-to-Digital Converter with Large Input Range

The present invention relates to a method and an electronic device for analog-to-digital
conversion using successive approximation, and more specifically to successive approximation
register (SAR) analog-to-digital conversion by use of charge redistribution on a plurality of
capacitors.

Successive approximation is one of the basic principles for analog-to-digital conversion. The
general functionality and operation of SAR analog-to-digital converters (ADCs) is well known in
the art. Generally, SAR ADCs compare the analog input voltage to reference voltage levels,
which can be generated by a digital-to-analog converter (DAC). During a first clock cycle, the
sampled input voltage is compared to half the reference voltage output by the DAC. If the input
voltage is greater than half the reference voltage, then a respective bit decision relating to the
most significant bit (MSB) is made. During the next clock cycle, the input voltage is compared to
three quarters or one quarter of the reference voltage in accordance with the preceding MSB
decision, and a further bit decision is made relating to the next less significant bit (MSB-1). The
conversion procedure carries on accordingly, and the DAC output voltage converges
successively to the analog input voltage, while evaluating one bit during each clock cycle. A
corresponding block diagram is shown in Figure 1. The SAR ADC is arranged such that, when
the conversion is completed, the digital number input to the DAC represents the digitized input
voltage.

Since precise DAC voltages are needed, capacitive DACs (CDACSs) are often used, which
include a plurality of capacitors. The analog input voltage can be sampled directly on the
capacitors of the CDAC, such that a charge corresponding to the size of the capacitors and
proportional to the amplitude of the input voltage is present on the sampling capacitors. The
sampled charge is redistributed stepwise among the capacitors of the CDAC. The capacitors
are connected together on one side to a common node. The magnitude of the input voltage is
basically determined by selectively and consecutively switching the other sides of the capacitors
between different reference voltage levels and comparing the established voltage level on the
common node to a mid voltage level. The capacitor having the largest capacitance will be the
first to be connected to a specific reference voltage level, while the remaining capacitors are
connected to another reference voltage level. Then the voltage on the common node, which is
connected to a comparator input is compared with the mid voltage level, such that the output of
the comparator represents the bit values of the digital output word bit by bit, starting with the
most significant bit (MSB). In accordance with the comparator output (i.e. the comparison
result), the capacitors are consecutively connected one-by-one to either the first or the second
reference voltage level and remain in this position during the next conversion steps. The

intermediate results are stored in a register.
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Up-to-date electronic devices, and corresponding semiconductor manufacturing processes,
typically use supply voltages of 5V or less in order to save power and to gain speed. The
supply voltage limits the input signal range of the ADCs. In order to convert a +/- 10 V input
signal, which is a typical industrial standard, the signal is divided either with a resistive divider or
with a capacitive divider, so as to fit the input signal voltage range into the comparator’s input
voltage range, which is basically between ground and the supply voltage level. However, the
division of the input signal decreases the signal-to-noise ratio (SNR). The least significant bit
(LSB) for a 5 V supply voltage range and an input range of +/- 10 V ( i.e. a division by 4 is
required) on a 16 bit converter corresponds to 76 uV, although it could amount to 305 pV if the
signal was not divided. A typical up-to-date 16 bit SAR converter has a noise level that
corresponds to 2 to 6 LSB at the output for any DC input voltage. In order to handle the
relatively large input voltage range, high-voltage transistors are required. Typical 5 V
semiconductor manufacturing processes provide high-voltage transistors so that ADCs are
available that have a high input voltage range even on a low voltage core that runs, for
example, with the 5 V supply voltage. However, dividing the input signal is always necessary,
thereby decreasing the achievable SNR.

It is an object of the present invention to provide a method and an electronic device for
analog-to-digital conversion using successive approximation by use of a plurality of capacitors
with an increased signal-to-noise ratio.

According to a first aspect of the present invention, a method is provided for analog-to-
digital conversion using successive approximation. The method uses a plurality of capacitors
comprising a first set of capacitors and a second set of capacitors, with a first side of each of the
plurality of capacitors being coupled to a common node. The method includes a step of
sampling an input voltage on the first set of capacitors and after having sampled the input
voltage, leaving a side of at least one capacitor of the first set of capacitors floating. A capacitor
of the first set of capacitors, which is not floating, is switched with its second side to a first
reference voltage or a second reference voltage so as to redistribute (through the common
node) the charge sampled on the capacitors of the first set between the capacitor of the first set
and a capacitor of the second set. Then the voltage on the common node is compared with a
comparator reference voltage, so as to receive a comparison result to be used for a bit decision.
After the comparison, the floating side of the floating capacitor of the first set of capacitors can
be connected to either a first reference voltage or a second reference voltage in accordance
with the bit decision.

Accordingly, a specific amount of charge, which is frozen on the floating capacitor, is not
used during the first bit decision steps. However, as the charge is frozen, it can be used later
during the conversion process, although it did not contribute to the conversion process during

the first step or during several of the first steps. The charge on the remaining (not floating)
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capacitor (or capacitors) is used to determine the value of one or more first digits of the digital
output word. Preferably, these are the values of the most significant bits of the corresponding
digital output word. When the first decisions were made, the corresponding capacitors (e.g. the
largest capacitors in the plurality of capacitors) were connected correctly to a specific reference
voltage in accordance with the bit values of the first decisions. Once the first decision or
decisions were made, the conversion procedure continues with the smaller capacitors according
to known successive approximation principles. In particular, the charge on the capacitors that
are used for sampling, and which are used during the first decision steps, can undergo charge
redistribution with capacitors not used for sampling (i.e. the second set of capacitors). This way,
the input voltage can be divided. However, as the floating capacitors hold additional charge,
which is only activated during later decision steps, the loss in SNR due to dividing can be
reduced. Accordingly, the floating capacitor (or even a plurality of floating capacitors) preferably
represents a major part of the capacitance of the plurality of capacitors. Therefore, a specific
amount of charge is disabled only during a first or a plurality of first conversion steps. During
these steps the input voltage is divided so as to evaluate to which reference voltage level the
floating capacitors should be connected in order to remain within the supply voltage level.
However, once the decisions are made, the complete charge can be activated. The loss in
terms of SNR is therefore substantially reduced compared to the prior art.

The plurality of capacitors can include eight, twelve or sixteen binary weighted capacitors. In
this situation, the first set of capacitors can consist of the two most significant (first and second
largest) capacitors as well as the fourth most significant (fourth largest) capacitor of the plurality
of capacitors. The second set may then include the remaining capacitors. According to this
arrangement, the method comprises the step of leaving the two most significant capacitors
floating during the first comparison step. This aspect of the present invention allows the SNR to
be improved by at least 12 dB.

According to another aspect of the present invention, the input voltage is also sampled on
an additional sampling capacitor. The sampling capacitor can have the same capacitance as
the combined second set of capacitors. The amount of capacitance, which is advantageously
used for sampling, should match the amount of capacitance which is switched between the two
reference voltages during conversion. This aspect provides that the overall amount of
capacitance used for sampling and conversion is constant. The sampling capacitor is
advantageously left floating as long as at least one capacitor of the first set of capacitors is left
floating. When the floating capacitors of the first set are tied to one of the reference voltages
after the first bit decision or decisions were made, the sampling capacitor will also be tied to a
constant voltage level, which can be one of the reference voltages.

Furthermore, the method according to the present invention can provide an error correction

step after at least one of the floating capacitors has been connected to the first reference
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voltage or the second reference voltage. In particular, with floating capacitors, there is a risk that
parasitic charges are sampled on the capacitors, which can impair the conversion result.
Accordingly, a correction step is provided after the first decision or the first decisions during
which one or more capacitors of the plurality of capacitors were floating. If any wrong decision
has been made during the first decision (or the first decisions), the error correction step allows
this error to be identified afterwards. As only the smaller capacitors of the plurality of capacitors
are used for the first decisions, an increased noise level has to be taken into account during the
first steps. Also, during the first decisions the input voltage level is divided, which decreases the
signal-to-noise ratio. However, once the floating capacitors are connected after the first
decisions, such that the charge on these capacitors can contribute to the conversion, the errors
can be easily identified and the overall signal-to-noise ratio corresponds to one that can only be
achieved including the floating capacitors. The gain in SNR is not affected by this correction
step.

The present invention also provides an analog-to-digital converter for successive
approximation. The analog-to-digital converter according to the invention comprises a plurality
of capacitors each having a first side coupled to a common node, the plurality of capacitors
comprising a first set of capacitors for sampling an input voltage and a second set of capacitors,
a plurality of switches, a comparator, and a controlling means adapted to selectively control the
switches in order to connect a second side of each capacitor of the plurality of capacitors to a
first reference voltage or a second reference voltage and to connect additionally a second side
of the first set of capacitors to the input voltage for sampling the input voltage, wherein the
controlling means is further adapted to selectively control the switches to leave one side of at
least one capacitor of the first set of capacitors floating, to switch a capacitor of the first set of
capacitors, which is not floating, with its second side to a first reference voltage or a second
reference voltage so as to redistribute the charge sampled on the capacitors of the first set
between the capacitor of the first set and a capacitor of the second set, and to perform a
comparison of the voltage established on the common node in order to make a bit decision, and
to connect the floating capacitor of the first set of capacitors by the floating side to a reference
voltage in accordance with the bit decision.

The advantages of an analog-to-digital converter according to the present invention over
prior art solutions reside in an improved signal-to-noise ratio with an analog-to-digital converter
configuration having substantially the same architecture, size and complexity as the prior art
analog-to-digital converter. The improvement over the prior art is achieved by leaving at least
one capacitor of the plurality of capacitors floating during the first decision. After the first
decision was made, the floating capacitor is tied to a reference voltage in accordance with the
decision made by use of other, advantageously smaller, capacitors. Each of the capacitors in

the plurality of capacitors can have binary weighted capacitance values. There are



WO 2009/010581 PCT/EP2008/059446
-5-

advantageously at least N binary weighted capacitors, wherein N can, for example, be eight,
twelve, sixteen, eighteen, twenty or even more. If there are, for example, sixteen capacitors, the
first set of capacitors can include the two most significant capacitors as well as the fourth most
significant capacitor of the plurality of capacitors. The second set can comprise the remaining
capacitors. The most significant capacitors, i.e. a capacitor of the first set, preferably remain
floating during the first comparison step. The controlling means can be adapted to perform an
error correction step after at least one of the floating capacitors is connected to the first
reference voltage or the second reference voltage. In order to avoid any unwanted disproportion
between the capacitance values of the used capacitors, a sampling capacitor can be used for
sampling the input voltage, which has the same capacitance value as the combined second set
of capacitors, and which is not used for sampling. Advantageously, the sampling capacitor is
used similar to a floating capacitor of the first set of capacitors, i.e. the sampling capacitor is
also left floating during the first decision step or steps and tied to a DC voltage level at the same
time as the floating capacitor.

The present invention is beneficial if at least one capacitor (or small amount of capacitance)
used for sampling is left floating during a first decision step, however, special embodiments
including several floating capacitors (a large amount of floating capacitance) and more than one
decision step with floating capacitors can be used to increase the benefits. The present
invention is not to be understood to be limited to any specific number of floating capacitors or
decision steps. Also, the number of capacitors assigned to the first set of capacitors and the
second set of capacitors can be any number equal to or greater than one. The additional
sampling capacitor can be understood to be part of the first set of capacitors. The present
invention relates to the general idea of leaving a certain amount of capacitance floating, on
which the input signal was sampled during a sampling step. Only after having performed one
more bit decision, the floating capacitance is activated to contribute to the conversion.

Further advantages and characteristics of the invention ensue from the description below of

the preferred embodiments, with reference to the accompanying drawings, in which:

- Figure 1 shows a block diagram of an SAR analog-to-digital converter according to the
prior art,

- Figure 2 - Figure 2A and Figure 2B show a series of simplified circuit diagrams of a first
embodiment of the present invention,

- Figure 3 - Figure 3 shows a simplified circuit diagram of a second embodiment of the
present invention,

- Figure 4 - Figure 4 shows a diagram illustrating the decrease of required input voltage

range dependant on the performed decisions, and
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- Figure 5 - Figure 5 shows a diagram illustrating the error detection mechanism according
to an aspect of the present invention.

Figure 1 shows a simplified block diagram of an SAR ADC according to the prior art. The
SAR compares the analog input voltage Vi, to a fraction of the reference voltage REF, which is
generated with a capacitive digital-to-analog converter CDAC. The sampled input voltage Vi, is
first compared to half the reference voltage REF. If the input voltage is higher, it will be
compared to three quarters of the reference voltage REF in the next step, otherwise to one
quarter. Accordingly, the fraction of the reference voltage REF output by the CDAC converges
successively to the analog input voltage V;, evaluating one bit per clock cycle. The successive
approximation register and interface stage SAR&IF receive the comparison result and provide a
corresponding N-bit output to the CDAC. The digital input to the CDAC at the end of the
conversion is identical to the digitized input voltage Vi,. The sample-and-hold stage S/H and the
capacitor array CDAC can be implemented by use of one capacitor array incorporating all
necessary capacitors.

Figures 2A and 2B show a series of six simplified circuit diagrams of a first embodiment of
the present invention. The plurality of capacitors shown in each Figure, represents a CDAC for a
6 Bit ADC. Just for simplicity of the equations and formulas hereinbelow, there are seven
capacitors Cq to C; (and an additional sampling capacitor Cs) shown in the Figures. However,
six capacitors C, to Cg were sufficient for a 6 Bit ADC. In order to illustrate the operation of the
circuitry according to the present invention, Figures 2A and 2B show six consecutive steps (a)
to (e) of an analogue to digital conversion. In each Figure, the switches swg swy, and sw, to swy
are set according to the specific conversion step. As some capacitors of the plurality of
capacitors shown in each of the Figures 2A and 2B are required to divide the signal down
during the MSB decisions, the input voltage can not be sampled on all capacitors. As a
consequence, the capacitors are assigned to a first set of capacitors used for sampling and a
second set of capacitors not used for sampling. The first set of capacitors includes C4, C, and
C,4 as well as the sampling capacitor Cs. The second set of capacitors includes C; and Cs to C5.
In the present example, the input voltage Vi, is set to 7 V. To simplify the example, a +- 10V
reference voltage range is assumed, i.e. +REF=10V, -REF=-10 V. In this example +REF=-(-
REF), however, generally, the magnitudes of the reference levels +REF, and -REF are not
necessarily equal. The sampling step is shown in Fig. 2A. The amount of capacitance, which is
used for sampling the input voltage Vi, has to match the amount of capacitors used to switch
between +/-REF. Otherwise a gain error would be generated. Therefore, the additional sample
capacitor of Cs equals the sum of C3 and Cs though C;. The capacitors C4 through Cg are binary
weighted, with C.=C. The last capacitor C; has the same capacitance as Ce. Accordingly, the
capacitances are C=C, C,=C/2, C3=C/4, C4=C/8, Cs=C/16, Cc=C/32, C;=C/32. The total

capacitance is 2C+C,. One side of all capacitors is connected to a common side (common node
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V) of the capacitors which can be coupled by a switch to a common mode voltage Vcy. For the
present example Vcy is assumed to be at 2.5V, which is necessary to fit into the input voltage
range of the comparator between 0V and 5V. However, for other configurations, a different
value for Vgu may be preferable. The common node V. is connected to an input of a
comparator, which performs the comparison steps. The comparator is not shown.

As shown in Fig. 2 (b), the charge induced on the capacitors by sampling the input voltage
is frozen again by opening the hold switch swy, between V¢ and Vcu. The difference from the
schemes proposed before is that the charge of C4, C, and Cs is disabled by leaving at least one
side of the capacitors floating. As long as one side of the capacitors C, C; and Cg of the first set
is floating, the charge cannot be redistributed to the other capacitors and the floating capacitors
do not contribute to the conversion step. Accordingly, during the conversion steps relating to the
two MSBs (MSB and MSB-1) the floating capacitors can be neglected, so that the total charge

Qa) contributing to the conversions can be determined as follows:

;
Qa) =C(=REF =V )+ Cy -V, =V ) + Z(Cj (=REF —V¢y ) =
j=5
C
< 0V =3REF =47,)

(1)
After sampling the input voltage, capacitor C, is switched from Vi, to —REF. This has to be
compensated for by switching Cs from —REF to +REF. Switches SW4 and SW5 are set

accordingly. Taking this into consideration, the charge distribution can be summarized to:

Q,, =C,(=REF =V.)+ C, -(~REF =V,)+ C, -(+REF =V ) +...

ot i(cj (-REF -V, =<

-(-3REF —4V,.)
j=6 8

(2)
As the total charge contributing in this conversion step is frozen, Q) is equal to Q) and the
comparator decision V.(b) can be calculated to be
V.
Volb)=Veu =1 )
wherein the index (b) relates to Figure 2 (b), i.e. step (b). V.(b) is compared with V¢ by the

comparator. In this step (b), the input voltage Vi, is divided by a factor of 4. For Ve =2.5V , the
voltage on node V. remains within the supply voltage range, i.e. between 0V and 5 V. If the
comparator detects V.(b) > Ve, it follows that Vi, < 0 V, otherwise Vi, > 0 V. Generally, the sign

of the result depends also on the sign of the comparator input, to which the common node is
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coupled. As V, is assumed to be 7 V, the comparator will provide the first result. In the next step
(c), which is illustrated in Figure 2A, the capacitor Cg is switched through SWs from —REF to

REF, and the total charge Qc) amounts then to:

—\"(C.(_REF — y _ _REF-v.=C (- _
Qc)—;(cj( REF Vc))+;(cj(+REF Vo) +C,(—REF -V,) R (—2.5REF —4V,)

(4)

and, since the charge is still frozen, Qa = Qy) = Q.), so that the voltage on the common node
V. amounts to

0.5REF -V,

V) =Voy +——f— )

wherein (c¢) indicates step (¢). V.(c) is compared with V¢y. For Vi, =7 V and +REF =10 V,
this will give the following result

Vo> REF.

2
Accordingly, the two most significant bits MSB and MSB-1 of the digital output word of the

(6)

converter are set to logic ‘1°. After having determined the correct result for the two MSBs, all
capacitors can be enabled and contribute to the conversion process, because the comparator
input V. converged close enough to Vg, so that V. remains within the supply voltage range.

At this point, it is clear that C;and C2 must be connected to +REF, and that the first two bits
of the corresponding digital output word have the logic value '1'. The further steps can be
performed in accordance with a standard SAR algorithm, where each capacitor is switched from
-REF to +REF before the next comparison and bit decision is made. C, is connected to —REF.
C; remains always connected to -REF.

Releasing the floating capacitors adds charge to the conversion process. Therefore, Qq) has

to be recalculated considering now also the previously floating capacitors:
Qa) =(C,+C+C+C)(V,, =V )+ (C+C+Co+ C ) (—REF =V ,,)
= % -(16V,, —=3REF =19V ,,)

)
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The connection scheme for the capacitors after the first three steps can also be explained
from a different, and more general angle, starting with the idea that, in the next step shown in

Fig. 2B (d), the comparator has to decide, if

>3 ®)

This means that V. in step (d) should amount to

12REF -16V,

V.d)=Vy +
c() M 19

©)

1
The denominator 19, results from the fact that the total capacitance amounts to §9C

(including C). The weight of the reference voltage has to be 3/4 times the weight of the input
voltage, which has been sampled on 16 nineteenths of the capacitors. Therefore, 3/4 times 16
is to be considered, which is 12. If this equation is solved, so that Q, is on one side, then the
other side of the equation expresses the charge distribution during phase Qg:

C

C
0, = g(_191/C (d)+9REF) = 5(161/1.” —3REF -19V,,,) =0, (10)

Qg amounts to%(—l9Vc (d)+9REF) . Again, it must be considered that the CDAC includes

in total 19 times % If a times % is connected to +REF and b times % to —REF then:

a+b=19 (11)
and
a-b=9 (12)

This equations can be solved to a=14 and b=5. Accordingly, it could be illustrated that the
capacitors C4, C; and C; need to be connected to +REF, and Cs, C4, Cs, Cs, C7 to —REF in order
to make the correct decision in this step. From here on, the switching scheme is identical to a
typical SAR scheme, where always the next smaller capacitor is toggled from -REF to +REF
before the next decision is made. Two of the remaining steps are illustrated in Figures 2B (e)
and 2B (f), where C4 and C5 are connected to +REF.

The following Table 1 shows the decisions and the results in an overview:

Table 1
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Decision to be made Result
V>0V "'
Vin > +REF/2 "'
Vin > +3 REF/4 0"
Vi, > +5 REF/8 "'
Vin > +11 REF/16 "'
Vin > +23 REF/32 0

Accordingly, the digital output word is '110110'. A logic '1' indicates that the corresponding
capacitor C4 to Cg should be connected to +REF and a logic '0" indicates that the corresponding
capacitor is to be connected to -REF through the corresponding switch. So, the switches swy to
swg are to be connected to +REF, +REF, -REF, +REF, +REF, -REF. After the step shown in
Fig. 2B (f), the last step would consist in connecting sws to +REF and sws to +REF and to make
the last decision. Immediately after the last decision, all the switches would be switched back
into the sampling configuration for sampling again the input voltage.

The capacitor array (or CDAC) according to the present invention allows, for example,
standard 5V CMOS transistors to be used for the comparator input stage, which improves
speed, noise and production costs. As 5V transistors can be used, the die size and the power
consumption decrease dramatically. The method and circuitry according to the invention allows
the input voltage to be sampled on most capacitors, while a significant amount of charge (e.g.
the major part of the charge) is disabled by leaving some capacitors floating during the bit
decisions (e.g. the first MSB decisions). Accordingly, only a fraction of the total charge is used
for the conversion of the MSBs. Only when the voltage at the comparator input is low enough to
remain within the supply range, then the disabled capacitors are enabled again. However, the
input signal (i.e. the corresponding charge) is almost undivided, so that a high signal-to-noise
ratio can be achieved.

Since only capacitors C;, and Cs to C; have not been used for sampling the input voltage is
only divided by a factor of 16/19=0.84. This degrades the SNR by 1.5dB. A prior art
architecture would have to divide the input voltage by a factor of about 5, which corresponds to
a reduction in SNR of 14 dB. So, the switching scheme according to the present invention,
improves the SNR by more than 12 dB (i.e. 12.5 dB = 14 dB - 1.5 dB). A critical decision (i.e.
the voltage on the common node is close to the decision threshold of the comparator) can also
occur during the MSB conversion, where the input signal is divided. Furthermore, charge
injection of the input switches of the floating capacitors adds charge to the common node V.,
which can entail errors. It is therefore important to make an error correction step after enabling

all capacitors. This will be explained hereinbelow with respect to Figure 5.
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The method and circuitry explained with respect to Figure 2 can be expanded to a fully
differential CDAC, so that +/- 20 V fully differential signals can be converted. Figure 3 shows a
simplified circuit diagram of a second embodiment of the present invention using differential
signals. The shown structure relates to an N-bit ADC with a fully differential input voltage range.
The circuitry is designed to be fully differential in order to keep the charge injection of the
switches swp, and swy, symmetrical. This provides a good integral linearity and a reduced
offset. The capacitors C4, to Cnn and the capacitors C4, to Cnp, each constitute an array of
capacitors being binary weighted according to the following equation Cn=C*2 -
Y where C4, represents the capacitor for the MSB and Cy, represents the capacitor for the LSB.
The common side of all capacitors is connected to an internal voltage Vewm, which sets the
operating point of the comparator. The operating point of the comparator is not necessarily
equal to Veu but the operating point of the comparator can be defined as function of Vgy.
Therefore Cs, and Cs, can be connected to a DC voltage Vs, which is selected with respect to
the required input voltage range of the comparator. Just as an example, Vs can be set to 0 V.
Once they are set to a specific Vs, Csn and Cg, operate as a capacitive voltage divider, thereby
lifting or lowering the common mode input voltage level.

The input voltage is sampled on capacitors Cipn, Coon, Cspn @and an additional sampling
capacitor Csnp. Accordingly, only three nineteenths of the total capacitance is not used for
sampling, which corresponds to the combined capacitance of capacitors Cs,, and Cs,n to Crpp.
In response to the hold command, the hold switch freezes the charge at nodes V.. In the next
step, the input switches swqn, p, SWin, 5, SWonp @nd swau,, are opened. However, the capacitors
Cipn and Cyn and Cgpn are not connected to any reference voltage and remain floating.
Accordingly, the charge on these capacitors is frozen and cannot contribute to the conversion
process of the MSB. Further C,4;,, is connected to -REF and Cs,, to REF. The sampled charge

that contributes to the conversion in this bit decision step can be calculated as:

snp jn,p

N

Q = C4n,p ’ (VCM _Vinp,n) + C3n,p ’ (VCM + REF)+ ZC' VCM + REF)
= (13)

As the capacitors C4,, are connected to the negative reference —REF during the next step,

the charge during the MSB conversion is equal to

4
QMSBp,n = Z (ij,n ’ (ch,n + REF)) + CSp,n ’ (ch,n - REF) +
j=3

N

+Y (C,. (V. + REF)

j=6

(14)
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As the total charge on the capacitors used for this decision step is frozen, the charges Qsn,
and Qusepn are equal. Taken into consideration that C, = 0,5 * C3, Cs = 0,25 *C3z and that Cs
equals

N

C; =) C, (15)

j=6

Vepon €an be calculated as

v :VCM_l

cp,n

(16)

inn,p

As indicated by the last equation (16), the input signal is divided by a factor of four during
the evaluation of the MSB. The next bits are evaluated the same way, while the capacitors Ci,
and Cy,, remain floating. For the present embodiment, it can be assumed that Vi,, is not used
as a differential signal input and remains at 0V all the time. One side of the comparator will
therefore always remain at constant voltage level (e.g. Vcum). The comparator input Ve, will
converge to the common mode voltage Veum as shown in Figure 3. In another embodiment Vi,
can be the complementary signal of Vi,, . For fully differential structures, Cs can also be
connected to any DC voltage level. As C; operates as a capacitive divider, the DC level can be
chosen in view of the comparator input range.

Figure 4 shows a simplified waveform relating to the converging V., for an example having
four bit with Vi, = -10 V where the input signal is only divided by a small factor of 16/19.
Accordingly, the voltage at the input of the comparator is already very limited. When the

decision for MSB-3 is made:

V., <V +(2/19)- REF =355V and V, >V, —(2/19)-REF =145V  (17)

Therefore, when the MSB, the MSB-1 and the MSB-2 decisions were made, the maximum
comparator input voltage was less than one eighth of the reference voltage away from the
common mode voltage, which is chosen to 2.5 V. Now, the total charge on the sampling
capacitors can be used to finish the conversion procedure. Capacitors Ci,n and Cyp, are now
connected to either the positive reference voltage +REF or the negative reference voltage -REF
in accordance with the decision of the first bit decisions, which were performed with a divided
signal amplitude. For an analog-to-digital converter with N=16 according to the present

invention, an LSB corresponds to a voltage that can be determined by the following equation:

Clpn + C2pn + C4pn + Csn,p . 2OV _ 16

1LSB = _ = — 305U =256uF (18)
c c 2 19
sn,p +Zl Jjp.n
j=
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Therefore, without the present invention 1 LSB corresponds to 61 pV. The corresponding
voltage step of 1 LSB is increased by a factor of 256 /61 = 4.2 compared to the prior art. With
the present invention, the SNR is improved by more than 12 dB in a single ended version (Vi, =
0V) and in differential mode compared with respective prior art solutions in single ended and
differential architecture.

Figure 5 shows a diagram relating to the error correction mechanism according to an aspect
of the present invention. The error correction mechanism can be applied to all embodiments of
the present invention and relates to an example with two floating capacitors relating to MSB and
MSB-1. Generally, each conversion includes two critical decisions where the comparator input is
less than half an LSB. The first critical bit decision occurs somewhere during the conversion
dependent on the input voltage. The second critical bit decision is the bit N decision, i.e. the last
decision. If the first critical decision occurs during the first three decisions, the analog-to-digital
converter produces a bit error, as the SNR has not yet benefited from the floating capacitors.
For example, in the embodiment shown in Figure 3 with N=16 the resolution corresponds still to
61 pV per LSB during the two first decisions instead of the 256 uV per LSB according to
equation (18). The risk of an erroneous decision is also increased by the charge injection on
switches SWin,, SWon, and sws while Cqpn, Coon @and Cg are floating. The charge injection can
influence Ve, p by several 100 mV. Accordingly, the prior art error correction mechanism has to
be adapted in order to provide more tolerance with respect to errors during the first bit
decisions. An example of such a scheme is now explained with reference to Figure 5. Decisions
1 and 2 are made while capacitors Ci,n and C,,n are floating. The possible charge injection
errors are indicated by hatched regions around the respective voltage level. For decision 1 this
is, for example, 0 V and for decision 2 this is -5 V and 5 V. The first decision tries to catch the
MSB and the second decision the MSB-1. After the second decision, the quadrant of the input
signal is known with some error. It is now possible to activate all capacitors and stay within the 0
to 5 V window at the comparator input. The third decision relates to MSB-2. As all the capacitors
are turned on, the decision is error-free with regard to the floating capacitors. Finally, decision 4
can check if any error occurred during the first two decisions and correct them accordingly. After
the fourth decision, the first three bits are error-free and the voltage at the comparator input
remains within the allowed range. The conversion can be finished in the standard SAR fashion.

Only one additional clock cycle is required.
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Claims

1. A method for analog-to-digital conversion using successive

approximation and a plurality of capacitors comprising a first set of capacitors and a second set of
capacitors, a first side of each of the plurality of capacitors being coupled to a common node, the
method comprising:

sampling an input voltage on the first set of capacitors;

after the step of sampling, leaving a side of at least one capacitor of the first set of capacitors
floating;

switching a capacitor of the first set of capacitors, which is not floating, with its second side to a
first reference voltage or a second reference voltage so as to redistribute the charge sampled on the
capacitors of the first set between the capacitor of the first set and a capacitor of the second set;

comparing the voltage on the common node with a comparator reference voltage level to receive a
comparison result to be used for a bit decision; and

switching the floating side of the floating capacitor of the first set of capacitors to either the first
reference voltage or the second reference voltage in accordance with the bit decision.

2. The method of Claim 1, wherein the plurality of capacitors comprises

sixteen binary weighted capacitors; the first set of capacitors consists of two most significant
capacitors and a fourth most significant capacitor; the second set of capacitors comprises the
remaining capacitors; and the method further comprises leaving the two most significant capacitors
floating during the first comparison step.

3. The method of Claim 1, further comprising sampling the input

voltage on an additional sampling capacitor having the same capacitance as the combined total of
the second set of capacitors.

4. The method of Claim 1, further comprising performing an error

correction step after at least one of the floating capacitors has been connected to the first

reference voltage or the second reference voltage.

5. The method of Claim 1, wherein the plurality of capacitors comprises sixteen binary
weighted capacitors; the first set of capacitors consists of two most significant capacitors and a fourth
most significant capacitor of the plurality of capacitors; the second set of capacitors comprises the
remaining capacitors; and the method further comprises:

leaving the two most significant capacitors floating during the first comparison step;

sampling the input voltage on an additional sampling capacitor having the same
capacitance as the combined total of the second set of capacitors; and

performing an error correction step after at least one of the floating capacitors has

been connected to the first reference voltage or the second reference voltage.
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6. The analog-to-digital converter according to claim 5, wherein capacitors of the plurality of
capacitors have binary weighted capacitance values.

7. The analog-to-digital converter according to claim 6, wherein the plurality of capacitors
comprises at least sixteen binary weighted capacitors and the first set of capacitors consists of
the two most significant capacitors and the fourth most significant capacitor and the second set
comprises the remaining capacitors.

8. The analog-to-digital converter according to claim 7, wherein the controlling means is
adapted to leave the two most significant capacitors floating during the first comparison step.

9. The analog-to-digital converter according to any of claims 6 to 8, wherein the controlling
means is further adapted to perform an error correction step after at least one of the floating
capacitors is connected to the first reference voltage or the second reference voltage.

10. The analog-to-digital converter according to any of claims 6 to 9, comprising
further a sampling capacitor having the same capacitance as the combined second set of

capacitors.
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