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ANALOG-TO-DIGITAL CONVERTER

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is based upon and claims the ben-
efit of priority of the prior Japanese Patent Application No.
2009-275716, filed on Dec. 3, 2009, the entire contents of
which are incorporated herein by reference.

BACKGROUND OF THE INVENTION

[0002] 1. Technical Field of the Invention

[0003] The present invention relates to a sequential com-
parison-type analog-to-digital converter (SAR ADC: Succes-
sive Approximation Register Analog-to-Digital Converter).
[0004] 2. Related Art

[0005] A sequential comparison-type analog-to-digital
converter (ADC) mounted on a microcomputer or system
LSL is used from the viewpoint of downsizing and maintain-
ing high precision.

[0006] FIG. 1 is a block diagram showing a configuration
example of a conventional SAR ADC. FIG. 2 is a diagram for
explaining a conversion operation in the SAR ADC.

[0007] As shown in FIG. 1, the conventional SAR ADC
comprises a comparator 12, a control circuit 13, and a DA
converter (digital-to-analog converter) 14. An analog input
signal Vin is held temporarily by, for example, a sample-
holding (SH) circuit 11 and input to the comparator 12.
[0008] It is assumed that the SAR ADC has n-bit (8-bit)
resolution and full-scale voltage is VFS as shown in FIG. 2. In
the first step, the control circuit 13 outputs a digital signal
whose bit value of a first bit (b1) is “1” and whose bit values
of second and subsequent bits (b2 to bn) are “0” and the DA
converter 14 generates and outputs a reference analog signal
Vr of a voltage corresponding to the digital signal. The volt-
age of the reference analog signal Vr in the first step is VFS/2.
The comparator 12 compares the voltage of the analog input
signal Vin with the voltage of the reference analog signal Vr
and outputs a comparison result. The control circuit 13
decides the bit value of the first bit (b1) based on the com-
parison result. For example, when Vin is larger than Vr, b1 is
decided to be “1” and when Vin is smaller than Vr, bl is
decided to be “0”. In FIG. 2, bl is “1”. In the following
explanation, “the comparator compares” means “the com-
parator compares voltages” and “the DA converter generates
a reference analog signal corresponding to a digital signal”
means “the DA converter generates a reference analog signal
of a voltage corresponding to a digital signal”.

[0009] In the second step, the control circuit 13 outputs a
digital signal whose b1 is the value (here, “1”’) decided in the
first step, whose bit value of the second bit (b2) is “1”, and
whose bit values of third and subsequent bits (b3 to bn) are
“0” and the DA converter 14 generates and outputs the refer-
ence analog signal Vr corresponding to the digital signal. In
the example in FIG. 2, the reference analog signal Vr in the
second step is 3VFS/4. The comparator 12 compares the
analog input signal Vin with the reference analog signal Vr
and outputs a comparison result. The control circuit 13
decides the bit value of the second bit (b2) based on the
comparison result. For example, when Vin is larger than Vr,
b2 is decided to be “1” and when Vin is smaller than Vr, b2 is
decided to be “0”. In FIG. 2, b2 is “1”.

[0010] Subsequently, the bit values of the third and subse-
quent bits are decided sequentially so that Vr becomes closer
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to Vin and when the bit value of the nth bit (here, the eighth
bit) is decided, a state is brought about where Vr is closest to
Vin, and therefore, the digital signal is output as an AD
converted value.

[0011] The algorithm to change the width, by which the
reference analog signal Vr explained above is changed, so that
Vr becomes closer to Vin while reducing the width to V% the
width changed in the previous step is referred to as a binary
algorithm.

[0012] As described above, in the SAR ADC that utilizes a
DA converter, signal processing to calculate a digital value for
approximation is performed by a voltage. In a general SAR
ADC, the operation speed is restricted by the settling time of
the output of the DA converter, and therefore, it is difficult to
increase the speed, and if an element with a large drive capac-
ity is used to increase the speed, an increase in power con-
sumption occurs.

[0013] F. Kuttner (“A 1.2V 10b 20MS/S Non-Binary Suc-
cessive Approximation ADC in 0.13 um CMOS” Tech.
Digest of ISSCC (February 2002)) and M. Hesener, T.
Eichler, A. Hanneberg, D. Herbison, F. Kuttner, H. Wenske
(“A 14b 40MS/s Redundant SAR ADC with 480 MHz Clock
in 0.13 um CMOS” Tech. Digest of ISSCC (February 2007))
propose the method in which the cycle time is reduced and the
settling error resulting from the comparison in a state where
the settling of the output of the DA converter is insufficient is
allowed by applying the non-binary algorithm. With this
method, although the number of steps becomes larger than
when the binary algorithm is applied, the cycle time is
reduced, and therefore, the speed can be increased as a whole.
[0014] However, with this method, the number of steps is
increased, and therefore, if a dynamic comparator is used, the
power consumption is increased by an amount corresponding
to an increase in the number of steps.

[0015] T.Ogawa, H. Kobayashi, M. Hotta, Y. Takahashi, H.
San, N. Takai (“SAR ADC Algorithm with Redundancy”,
IEEE Asia Pacific Conference on Circuits and Systems,
Macao, pp. 268-271, December 2008) describes the non-
binary (redundant) algorithm in the SAR ADC thatuses a DA
converter.

[0016] On the other hand, in order to solve the problem of
the settlement time of the output of the DA converter being
long, recently, J. Craninckx and G. Van der Plas (“A 6511/
Conversion-Step 0-to-50MS/s 0-to-0.7 mW 9b Charge-Shar-
ing SAR ADC in 90 nm Digital CMOS”, ISSCC Dig. Tech.
Papers, pp. 246-247, February 2007) and V. Giannini, P.
Nuzzo, V. Chironi, A. Baschirotto, G. V. Plas, J. Craninckx
(“An 820uW 9b 40MS/s Noise-Tolerant Dynamic-SARADC
in 90 nm Digital CMOS”, ISSCC (February 2007)) propose a
charge-sharing SAR ADC as an SAR ADC capable of real-
izing the high-speed operation and low power consumption.
In the charge-sharing SAR ADC, signal processing to calcu-
late a digital value for approximation is performed by
charges. The configuration and operation of the charge-shar-
ing SAR ADC are explained with reference to drawings.
[0017] FIG. 3 is a diagram showing a configuration of a
charge-sharing SAR ADC that outputs the voltage of the
analog input signal Vin after converting it into an n-bit AD
converted digital signal. As shown in FIG. 3, the charge-
sharing SAR ADC comprises an input signal capacitor Cs, a
plurality of reference capacitor circuits 16-1, . . ., 16-n-1, the
comparator 12, and a control circuit 17.

[0018] One terminal (input terminal) of the input signal
capacitor Cs is connected to the input terminal of the analog
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input signal Vin via a switch SW1 and the other terminal
(reference terminal) is connected to a power source of a
reference potential (here, GND).

[0019] The reference capacitor circuit 16-1 comprises a
reference capacitor C1, a switch SW11 that connects one
terminal of the reference capacitor C1 to the power source of
a reference voltage Vref, a switch SW12 that connects the
other terminal of the reference capacitor C1 to the power
source of the reference potential GND, a switch SW13 that
connects one terminal of the reference capacitor C1 to the
input terminal of the input signal capacitor Cs, aswitch SW14
that connects the other terminal of the reference capacitor C1
to the reference terminal (GND) of the input signal capacitor
Cs, a switch SW15 that connects the other terminal of the
reference capacitor C1 to the input terminal of the input signal
capacitor Cs, and a switch SW16 that connects one terminal
of'the reference capacitor C1 to the reference terminal (GND)
of the input signal capacitor Cs. In such a configuration, by
bringing SW13 to SW16 into an open state and SW11 and
SW12 into a closed state, the reference capacitor C1 is
charged to the reference voltage Vref. Further, by bringing
SW11, SW12, SW15, and SW16 into the open state and
SW13 and SW14 into the closed state, the reference capacitor
C1 enters a forward connection state where one terminal of
the reference capacitor C1 is connected to the input terminal
of the input signal capacitor Cs and the other terminal is
connected to the reference terminal of the input signal capaci-
tor Cs, and by bringing SW11 to SW14 into the open state and
SW15 and SW16 into the closed state, the reference capacitor
C1 enters a backward connection state where one terminal is
connected to the reference terminal of the input signal capaci-
tor Cs and the other terminal to the input terminal of the input
signal capacitor Cs.

[0020] The other reference capacitor circuits 16-2 to 16-n-1
have the same configuration as that of the reference capacitor
circuit 16-1; however, the capacitance values of the reference
capacitor C1 and reference capacitors C2 to Cn-1 are differ-
ent. The capacitance values of the reference capacitors Cn-1
to C1 and the input signal capacitor Cs are set to 1:2:4, . . .,
:2772:27"! that is a ratio of power of 2.

[0021] The comparator 12 determines whether the voltage
of'the input terminal of the input signal capacitor Cs is higher
or lower than the reference potential (GND).

[0022] Based on the determination result of the comparator
12, the control circuit 17 sequentially connects the reference
capacitor circuits 16-1 to 16-n-1 to the input signal capacitor
Cs while selecting the connection state so that the voltage of
the input terminal of the input signal capacitor Cs becomes
closer to the reference potential GND, and calculates an AD
converted value corresponding to the voltage of the analog
input signal from the connection state of the reference capaci-
tor circuits 16-1 to 16-n-1 when the connection of all the
reference capacitor circuits 16-1 to 16-n-1 to the input signal
capacitor Cs is completed and the final determination result.
[0023] FIG. 4A to FIG. 4F are diagrams explaining the
operation of the charge-sharing SAR ADC in FIG. 3. For the
sake of simplification of explanation, explanation is given
using a case where n=3, i.e., three bits, as an example. There-
fore, the two reference capacitor circuits 16-1 and 16-2 are
provided, the capacitance values of the reference capacitors
C2, C1 and the input signal capacitor Cs are 1:2:4 and these
are expressed by C, 2C, 4C. The analog input signal Vin the
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charge-sharing SAR ADC can convert digitally is in a range
between +Vref and —Vref and Vin outside the range is “111”
or “000”.

[0024] The operation of the charge-sharing SAR ADC is
explained with reference to FIG. 4A to FIG. 4F.

[0025] First, a sampling step is performed. In the sampling
step, as shown in FIG. 4A, SW1 is brought into the closed
state and the analog input signal Vin is applied to the input
signal capacitor Cs and at the same time, in the reference
capacitor circuits 16-1, 16-2, SW11 and SW12 are brought
into the closed state, SW1to SW16 into the open state, and the
reference voltage Vref is applied to the reference capacitors
C1, C2. After that, SW1 is brought into the open state and the
SW11 and SW12 into the open state. Due to this, the input
signal capacitor Cs is charged with charges of Qin=4CxVin
and the reference capacitors C1 and C2 are charged with
CxVref and CxVref.

[0026] In a first comparison step, as shown in FIG. 4B, the
comparator 12 determines whether the voltage of the input
terminal of the input signal capacitor Cs is higher or lower
than GND.

[0027] In a second comparison step, when the determina-
tion result in the first comparison step is “1”, as shown in F1G.
4C, SW15 and SW16 of the reference capacitor circuit 16-1
are brought into the closed state and one of the terminals of
the reference capacitor C1 is connected to the reference ter-
minal of the input signal capacitor Cs and the other terminal
of'the reference capacitor C1 is connected to the input termi-
nal of the input signal capacitor Cs, i.e., connection is made in
the backward connection state. Due to this, the total charges
accumulated in the input signal capacitor Cs and the reference
capacitor C1 are Qx=4CxVin-2CxVrefand the voltage of the
reference terminal is Vx=0Qx/(4C+2C)=(4xVin-2xVref)/6.
In this state, the comparator 12 makes a comparison.

[0028] When the determination result in the first compari-
son step is “0”, as shown in FIG. 4D, SW13 and SW14 of the
reference capacitor circuit 16-1 are brought into the closed
state and one of the terminals of the reference capacitor C1 is
connected to the input terminal of the input signal capacitor
Cs and the other terminal of the reference capacitor C1 is
connected to the reference terminal of the input signal capaci-
tor Cs, i.e., connection is made in the forward connection
state. Due to this, the total charges accumulated in the input
signal capacitor Cs and the reference capacitor C1 are
Qx=4CxVin+2CxVref and the voltage of the reference ter-
minal is Vx=Qx/(4C+2C)=(4xVin+2xVref)/6. In this state,
the comparator 12 makes a comparison.

[0029] In a third comparison step, when the determination
result in the second comparison step is “1”, as shown in FI1G.
4E, SW15 and SW16 of the reference capacitor circuit 16-2
are brought into the closed state and one of the terminals of
the reference capacitor C2 is connected to the reference ter-
minal and the other terminal of the reference capacitor C2 is
connected to the input terminal of the input signal capacitor
Cs, i.e., connection is made in the backward connection state.
If the total charges accumulated in the input signal capacitor
Cs and the reference capacitor C1 when the second compari-
son step is performed is assumed to be Qx2, because of the
reference capacitor C2, Qx=Qx2-CxVref and the voltage of
the reference terminal is Vx=Qx/(4C+2C+C)=(Qx2-Cx
Vref)/7. In this state, the comparator 12 makes a comparison.
[0030] When the determination result in the second com-
parison step is “0”, as shown in FIG. 4F, SW13 and SW14 of
the reference capacitor circuit 16-2 are brought into the
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closed state and one of the terminals of the reference capacitor
C2 is connected to the input terminal of the input signal
capacitor Cs and the other terminal of the reference capacitor
C2 is connected to the reference terminal of the input signal
capacitor Cs, that is, connection is made in the forward con-
nection state. Due to this, Qx=0Qx2+CxVref and the voltage
of the reference terminal is Vx=Qx/(4C+2C+C)=(Qx2+Cx
Vref)/7. In this state, the comparator 12 makes a comparison.
[0031] Explanation is given with a specific voltage value of
Vin as an example. FI1G. 5 is a diagram explaining an example
of a change in a voltage Vx of the input terminal when O
(GND)<Vin<+Vret/4 and in this case, the correct conversion
result is that the digitally converted value is “100”.

[0032] At the time of the first comparison step, as shown in
(A) of FIG. 5, the charges accumulated in the input signal
capacitor Cs are Qx=4CxVin and the voltage of the reference
terminal is Vx=0Qx/4C=Vin and 0 (GND)<Vin<+Vret/4, and
therefore, the determination result is “1”.

[0033] Atthetime of the second comparison step, as shown
in (B) of FIG. 5, Qx=4CxVin-2CxVref, Vx=(4xVref-2x
Vref)/6, and 0 (GND)<Vin<+Vref/4, and therefore, the deter-
mination result is “0”.

[0034] Atthe time of the third comparison step, as shown in
(C) of FIG. 5, Qx=4CxVin-2CxVref-CxVref=(4xVin-3x
Vref), Vx=(4xVin-3xVref)/7, and 0 (GND)<Vin<+Vref/4,
and therefore, the determination result is “0”.

[0035] In this manner, the converted digital value is “100”.
[0036] In the above-mentioned charge-sharing SAR ADC,
the capacitance values of the reference capacitors Cn-1 to C1
and the input signal capacitor Cs are set to 1:2:4, 2 *~2:2"71,
i.e., aratio of powers of 2.

[0037] Inthe general SAR ADC, in each step, a comparator
with high power consumption and low noise is used. In con-
trast to this, M. Hesener, T. Eichler, A. Hanneberg, D. Herbi-
son, F. Kuttner, H. Wenske (“A 14b 40MS/s Redundant SAR
ADC with 480 MHz Clock in 0.13 um CMOS” Tech. Digest
of ISSCC (February 2007)) proposes to use a comparator
with low power consumption and high noise in the first half
and a comparator with high power consumption and low
noise in the second half in the charge-sharing SAR ADC to
further reduce power consumption. In the proposed method, a
redundant step of one L.SB transition is added to the last of the
binary algorithm and at first, a comparator with high noise
and low power consumption is used and in the last two steps,
a comparator with low noise/high power consumption is
used. Then, by correcting the determination error due to the
noise of the comparator with high noise in the last two steps
in which the comparator with low noise is used, high preci-
sion and low power consumption are realized. As a compara-
tor, a dynamic comparator is used. Through the dynamic
comparator, no constant current flows, and therefore, poweris
consumed only by the comparator that operates. Conse-
quently, power consumption can be reduced in the period of
time during which the comparator with low power consump-
tion is used in the first half.

SUMMARY OF THE INVENTION

[0038] However, the method proposed in V. Giannini, P.
Nuzzo, V. Chironi, A. Baschirotto, G. V. Plas, J. Craninckx
“An 820 pW 9b 40MS/s Noise-Tolerant Dynamic-SAR ADC
in 90 nm Digital CMOS” ISSCC (February 2008) has such a
problem that precision is deteriorated by a mismatch of an
input-converted offset between two comparators.
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[0039] FIG. 6 is a circuit diagram of the comparator
describedinV. Giannini, P. Nuzzo, V. Chironi, A. Baschirotto,
G. V. Plas, J. Craninckx “An 820 pW 9b 40MS/s Noise-
Tolerant Dynamic-SAR ADC in 90 nm Digital CMOS”
ISSCC (February 2008). The comparator schematically
shown is a widely-known dynamic comparator; however,
variable capacitors VRp and VRn are provided to enable the
adjustment of offset and the input-converted offset voltage
between the two comparators is adjusted to within 2 LSB.
[0040] However, when the variable capacitors VRp and
VRn are provided, the size of the circuit is increased accord-
ingly and such a problem arises that it is necessary to provide
an offset adjusting process in the manufacturing process and
the cost is increased accordingly.

[0041] An object of the present invention is to realize an
SAR ADC that has a simple configuration and meets the
demands of high speed, high precision, and low power con-
sumption.

[0042] According to the present invention, in order to solve
the above-mentioned problem, the non-binary algorithm is
applied to an SAR (Successive Approximation Register) ana-
log-to-digital converter (ADC) that uses two comparators
with offset by switching them on the way.

[0043] That is, according to a first aspect in which the
present invention is applied to an SAR analog-to-digital con-
verter having a DA converter, the SAR analog-to-digital con-
verter is an analog-to-digital converter including a digital-to-
analog converter that outputs a reference analog signal
according to a multibit digital signal; a first comparator that
compares an input analog signal with a reference analog
signal; a second comparator that compares an input analog
signal with a reference analog signal; a selection circuit that
selects one of comparison results of the first comparator and
the second comparator; and a control circuit that changes the
multibit digital signal sequentially based on the selected com-
parison result in a plurality of steps so that the reference
analog signal becomes closer to the input analog signal, the
control circuit controls the selection circuit to select the com-
parison result of the first comparator up to an intermediate
step on the way of the plurality of steps and to select the
comparison result of the second comparator after the inter-
mediate step, and changes the bit value of the multibit digital
signal according to the non-binary algorithm.

[0044] According to a second aspect in which the present
invention is applied to a charge-sharing SAR analog-to-digi-
tal converter, the charge-sharing SAR analog-to-digital con-
verter is an analog-to-digital converter including an input
signal capacitor having an input terminal to which an analog
input signal is applied at the time of sampling and a reference
terminal connected to a reference potential and holding a
charge amount corresponding to a voltage of an analog input
signal applied at the time of sampling; one or more reference
capacitors holding a charge amount corresponding to a volt-
age of a reference voltage applied at the time of sampling, two
terminals of each reference capacitor are configured to be
capable of being connected to the input terminal and the
reference terminal of the input signal capacitor either in the
forward connection state or in the backward connection state;
a first comparator that determines whether the voltage of the
input terminal of the input signal capacitor is higher or lower
than the reference potential; a second comparator that deter-
mines whether the voltage of the input terminal of the input
signal capacitor is higher or lower than the reference poten-
tial; a selection circuit that selects one of comparison results
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of the first comparator and the second comparator; and a
control circuit that sequentially connects while selecting the
connection state of the one or more reference capacitors with
the input signal capacitor based on the selected comparison
result in a plurality of steps so that the voltage of the input
terminal of the input signal capacitor becomes closer to the
reference potential and calculates a digital value correspond-
ing to the voltage of the analog input signal from the deter-
mination result, the control circuit controls the selection cir-
cuit to select the comparison result of the first comparator up
to an intermediate step on the way of the plurality of steps and
to select the comparison result of the second comparator after
the intermediate step, and the capacitance values of the input
signal capacitor and the one or more reference capacitors are
set to non-binary values.

[0045] It is desirable that the first and second comparators
are a dynamic comparator and a constant current that do not
flow when not selected.

[0046] The first comparator consumes less power com-
pared to the second comparator; however, has high noise, and
for example, the first comparator has the same circuit con-
figuration as that of the second comparator, however, is
smaller in size.

[0047] According to a first aspect, the control circuit
changes the bit value of the multibit digital signal according
to the binary algorithm in a plurality of steps before the
intermediate step. Further, according to the second aspect, it
is desirable for the capacitance value of the reference capaci-
tor connected to the input signal capacitor before the inter-
mediate step to be set in the binary system.

[0048] According to the present invention, the redundant
non-binary algorithm is applied, and therefore, the number of
times of comparison processing (steps) and the number of the
reference capacitors increase somewhat; however, it is pos-
sible to increase the allowable range of the offset mismatch of
the two comparators.

[0049] According to the present invention, it is possible to
improve precision of the SAR ADC capable of high-speed
operations and having a low power consumption.

BRIEF DESCRIPTION OF THE DRAWINGS

[0050] The features and advantages of the invention will be
more clearly understood from the following description taken
in conjunction with accompanying drawings, in which:
[0051] FIG. 1 is a block diagram showing a configuration
example of a conventional sequential comparison-type com-
parator ADC;

[0052] FIG. 2 is a diagram explaining a conversion opera-
tion in a sequential comparison-type ADC;

[0053] FIG. 3 is a block diagram showing a configuration
example of a general charge-sharing SAR ADC;

[0054] FIG. 4A to FIG. 4F are diagrams explaining a con-
version operation of a charge-sharing SAR ADC;

[0055] FIG. 5 is a diagram explaining a comparison step
and a determination result for a certain analog input signal
value in a charge-sharing SAR ADC;

[0056] FIG. 6is a circuit diagram of a comparator compris-
ing a variable capacitor for offset adjustment;

[0057] FIG. 7 is a diagram showing a configuration of an
SAR ADC in a first embodiment of the present invention;
[0058] FIG. 8 is a diagram showing a configuration of a
comparator part comprised by the SAR ADC in the first
embodiment;
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[0059] FIG. 9 is a circuit diagram of a comparator com-
prised by the SAR ADC in the first embodiment;

[0060] FIG. 10A is a diagram showing weight data of a
digital signal that changes a reference analog signal in the
SAR ADC in the first embodiment;

[0061] FIG. 10B and FIG. 10C are diagrams explaining an
operation in the SAR ADC in the first embodiment;

[0062] FIG. 11 is a diagram showing a configuration of an
SAR ADC in a second embodiment of the present invention;
[0063] FIG.12isadiagram showing weight data ofa digital
signal that changes a reference analog signal and an allowable
error in the SAR ADC in the second embodiment;

[0064] FIG. 13 is a diagram showing a configuration of a
charge-sharing SAR ADC in a third embodiment of the
present invention;

[0065] FIG. 14 is a diagram showing a configuration of
portions of an input signal capacitor, a plurality of reference
capacitors, and a comparator in the charge-sharing SAR ADC
in the third embodiment; and

[0066] FIG. 15 is a diagram showing the capacitance value
and allowable error of the reference capacitor in the charge-
sharing SAR ADC in the third embodiment.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0067] FIG. 7 is a diagram showing a configuration of a
sequential comparison-type approximation analog-to-digital
converter (SAR ADC) in a first embodiment of the present
invention. As shown in FIG. 7, the SAR ADC in the first
embodiment comprises a comparator unit 20, a control circuit
23, and the DA converter (DAC) 14. The analog input signal
Vin is held temporarily by, for example, the sample-holding
(SH) circuit 11 and input to the comparator unit 20.

[0068] FIG. 8 is a diagram showing a configuration of the
comparator unit 20. The comparator unit 20 comprises a first
comparator 21, a second comparator 22, an operating state
selection circuit 24 that selects one of the first comparator 21
and the second comparator 22 to which a signal Comp is
applied to bring the comparator into an operating state, and a
selection circuit (selector) 25 that selects and outputs an out-
put of one of the first comparator 21 and the second compara-
tor 22 according to a selection signal select. The operating
state selection circuit 24 selects one of the first comparator 21
and the second comparator 22 to which the signal Comp is
applied according to the selection signal select.

[0069] FIG. 9isa circuit diagram of the first comparator 21
and the second comparator 22. The comparator in FIG. 9 is a
dynamic comparator having a circuit configuration similar to
that of a comparator in a conventional example in FIG. 6;
however, differs from the latter in that the variable capacitors
VRp and VRa are not provided. The first comparator 21 and
the second comparator 22 have the same circuit configura-
tion; however, the size of the first comparator 21 is smaller
than the size of the second comparator 22. The first compara-
tor 21 is small, and therefore, the power consumption is
smaller compared to that of the second comparator 22; how-
ever, first comparator is noisier. The comparator in FIG. 9
performs a comparison operation at high speed when the
signal Comp is applied and a constant current flows; however,
comparator in FIG. 9 does not operate when the signal Comp
is not applied and the power consumption is substantially zero
because no constant current flows.

[0070] Returning to FIG. 7, the control circuit 23 changes
the digital signal given to the DAC 14 so as to perform
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sequential comparison approximation as in the control circuit
13 in FIG. 1 does; however, control circuit 23 differs from the
latter in that the shift weight to change is changed in the
non-binary system and the selection signal select is generated
to switch the comparator to be used from the first comparator
21 to the second comparator 22 on the way.

[0071] FIG. 10A to FIG. 10C are diagrams explaining an
operation example when the SAR ADC in the first embodi-
ment is assumed to be a 5-bit DAC. Because of five bits, the
AD converted values have 32 levels from 0 to 31.

[0072] When the shift weight is binary, five steps of com-
parison operation are performed in the 5-bit DAC; however,
in the SAR ADC in the first embodiment, as shown in FIG.
10A, six steps of comparison operation are performed. Then,
in first to third steps, the first comparator 21 with low power
consumption but high noise is used and in fourth to sixth
steps, the second comparator 22 with high power consump-
tion but low noise is used. In FIG. 8, in the first to third steps,
the operating state selection circuit 24 supplies the signal
Comp to the first comparator 21 and the selector 25 selects the
output of the first comparator 21. In the first to third steps, the
second comparator 22 is in the non-operating state. In the
fourth to sixth steps, the operating state selection circuit 24
supplies the signal Comp to the second comparator 22 and the
selector 25 selects the output of the second comparator 22. In
the fourth to sixth steps, the first comparator 21 is in the
non-operating state.

[0073] As shown in FIG. 10A, the comparison level in the
first step is 16 and the shift weights in the second to sixth steps
are 6,4,2,2, 1, setin the non-binary system. In FIG. 10A, the
level of Vin is between 23 and 24, indicating the determina-
tion result and the change in comparison level when it is
assumed that there is no error. At this time, the determination
results are <17, <17, “0”,“0”, “1”, “1” in the first to sixth steps.
The comparison level in the first step is 16, the determination
result in the first step is “1”, and the shift weight in the second
step is 6, and therefore, the comparison level in the second
step is 1646=22. The comparison level in the second step is
22, the determination result in the second step is “1”, and the
shift weight in the third step is 4, and therefore, the compari-
son level in the third step is 22+4=26. Hereinafter, the com-
parison levels in the fourth to sixth steps change 24, 22, 23
similarly.

[0074] FIG. 10B shows the determination result and the
change in comparison level when it is assumed that the level
of'Vin is between 23 and 24 and there is no error. The change
in the comparison level is calculated and when the determi-
nation result in the last step is “1”, then the comparison level
in the last step is taken as the AD converted value and when
the determination result in the last step is “0”, then the com-
parison level in the last step from which 1 is subtracted is
taken as the AD converted value. Consequently, in the case
described above, the comparison level in the sixth step is 23
and the determination result in the sixth step is “1”, and
therefore, the AD converted value is 23.

[0075] FIG. 10C shows the determination result and the
change in comparison level when it is assumed that there is an
offset mismatch in which the offset of the first comparator 21
is different from the offset of the second comparator 22. The
final determination is made by utilizing the output of the
second comparator 22, and therefore, the influence of the
offset mismatch appears in the form in which the comparison
level of the first comparator 21 differs from the comparison
level of the second comparator 22. FIG. 10C shows the deter-
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mination result and an example of the change in comparison
level on the assumption that the comparison level of the first
comparator 21 is two levels higher than the comparison level
of'the second comparator 22. The comparison level in the first
to third steps is two levels higher than that in the fourth to
sixth steps, and therefore, the comparison level in the first step
changes from 16 to 18. When Vin is at level 23, the determi-
nation result is “1”. The comparison level in the second step
is 22, however, in fact it is 24 because of the offset mismatch
and Vin is at level 23, and therefore, the determination result
is “0” and an error occurs. In this case, the comparison level
in the third step is 18; however, in fact it is 20 because of the
offset mismatch and the determination result is “1”. In this
state, the comparator is switched to the second comparator
22. The comparison level in the fourth step is 20 and because
there is no longer an offset mismatch, and therefore, the
comparison level remains at level 20 and the determination
result is “1”. In the fifth step, the comparison level is 22 and
the determination result is “1”. In the sixth step, the compari-
son level is 23 and the determination result is “1”. As
described above, when the determination result in the final
step is “1”, the comparison level in the final step is the AD
converted value, and therefore, the AD converted value is 23.

[0076] As explained in FIG. 10C, in the first embodiment,
even when there exists an offset mismatch when the first
comparator 21 is switched to the second comparator 22, if it
is within the allowable range, the non-binary algorithm is
applied, and therefore, it is possible to calculate a correct AD
converted value.

[0077] As explained above, in the first embodiment, in the
steps in the former half, the first comparator 21 with low
power consumption but high noise is used and in the steps in
the latter half, the second comparator 22 with high power
consumption but low noise is used, and therefore, it is pos-
sible to reduce power consumption compared to the conven-
tional example in which the comparator with high power
consumption and low noise is used in all the steps and the
non-binary algorithm is applied, and therefore, it is possible
to calculate a correct AD converted value by absorbing the
influence ofthe offset mismatch of the first comparator 21 and
the second comparator 22.

[0078] FIG. 11 is a diagram showing a configuration of a
10-bit SAR ADC in a second embodiment of the present
invention.

[0079] The 10-bit charge-sharing SAR ADC in the second
embodiment comprises the DAC 14, the comparator unit 20,
a timing generation circuit 35, a C register 36, a memory 38,
anadder 39, a subtracter 40, a multiplexer 41, an A register 42,
and an AD_out register 43. The sample-holding circuit (SH)
11, the DAC 14, and the comparator unit 20 are the same as
those in the first embodiment and the comparator unit 20 has
the first comparator 21 and the second comparator 22. The
timing generation circuit 35, the C register 36, the memory
38, the adder 39, the subtracter 40, the multiplexer 41, the A
register 42, and the AD_out register 43 form the part corre-
sponding to the control circuit 23 in the first embodiment.
[0080] The timing generation circuit 35 receives a reset
signal Reset and a clock CLK and generates and outputs a
timing signal sample_CLK, the timing signals Comp, select,
and timing signals CR_CLK, address1-11, AR_Reset,
AR_CLK, and AD_out_CLIK to control each part.

[0081] The signal sample_CLK is a signal that is ON dur-
ing the sampling period of time. The sample-holding circuit
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(SH) 11 takes in and holds the analog input signal Vin accord-
ing to the signal sample_CLK.

[0082] The comparator unit 20 selects a comparator to be
brought into an operating state according to the signals comp
and select and outputs the comparison result.

[0083] The C register 36 latches the output of the compara-
tor unit 20 according to the signal CR_CLK and outputs it as
Comp_out.

[0084] The memory 38 is configured by a ROM and stores
the shift weight value in association with the signal address1-
10 and outputs a value stored according to the input signal
address1-10. Further, the memory 38 stores a value in asso-
ciation with the signal address11 so as to output “0” to the
adder 39 and “1” to the subtracter.

[0085] The adder 39 adds the output value of the memory
38 to the output value of the A register 42 and outputs the
addition result to the multiplexer 41 and the subtracter 40
subtracts the output value of the memory 38 from the output
value of the A register 42 and outputs the subtraction result to
the multiplexer 41.

[0086] The multiplexer 41 selects and outputs one of the
outputs of the adder 39 and the subtracter 40 based on the
determination result output from the C register 36.

[0087] The A register 42 outputs an initial value set in
advance according to the signal AR_Reset and after that,
latches the output of a multiplexer 41 according to the signal
AR_CLK and outputs the output to the DAC 14, the adder 39,
and the subtracter 40.

[0088] The AD_out register 43 latches the output of the
multiplexer 41 according to AD_out_CLK and outputs the
output as an AD converted value.

[0089] FIG.12 shows comparison levels DAC (k) in the kth
step to be given to the DAC 14, allowable 1L.SB-converted
offset errors er (k), and error allowable values expressed in
LSB in the second embodiment. The comparison level DAC
(1) is set as an initial value in the A register 42 and the
comparison levels DAC (2) to DAC (11) are stored in the
memory 38 in correspondence to the signal address1-10. The
step (k) (k=1 to 6) is the step in the former half in which the
first comparator 21 is used and the step (k) (k=7 to 11) is the
step in the latter half in which the second comparator 22 is
used.

[0090] The 10-bit SAR ADC in the second embodiment
operates similarly as in the first embodiment, except in that it
performs comparison processing in 11 steps to calculate a
10-bit AD converted value. The operation is explained briefly.
[0091] Atthetime of sampling, SH11 takes in and holds the
analog input signal Vin according to the signal sample_CLK
and at the same time, the A register 42 outputs the initial value
DAC (1) set in advance according to the signal AR_RESET.
In response to this, the DAC 14 generates and outputs a
reference analog signal corresponding to the DAC (1). Fur-
ther, the comparator unit 20 is set so that the first comparator
21 enters the operating state according to the signals select,
Comp and the determination result is output.

[0092] In the first comparison step, the reference analog
signals corresponding to Vin and DAC (1) are compared. At
this time, the memory 38 outputs DAC (2), the adder 39
outputs DAC (1)+DAC (2), and the subtracter 40 outputs
DAC (1)-DAC (2). The multiplexer 41 selects and outputs the
output of the adder 39 or the subtracter 40 based on the
comparison result. The A register 42 latches the output of the
multiplexer 41 and outputs it to the DAC 14, the adder 39, and
the subtracter 40. Consequently, the A register 42 outputs
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DAC (1)+DAC (2) or DAC (1)-DAC (2) corresponding to the
comparison level in the second comparison step.

[0093] Inthe second comparison step, the reference analog
signals corresponding to Vin and DAC (1)+DAC (2) or DAC
(1)-DAC (2) are compared and the comparison level in the
third comparison step is calculated.

[0094] After that, the same operation is repeated up to the
eleventh comparison step.

[0095] When the sixth comparison step is completed, the
timing generation circuit 35 changes the signal select and in
response to this, the comparator unit 20 is set so that the
second comparator 22 enters the operating state and the deter-
mination result of the second comparator 22 is output.

[0096] In the final eleventh comparison step, the memory
38 outputs “0” to the adder 39 and outputs “1” to the sub-
tracter 40 and the adder 39 adds 0 to the comparison level in
the eleventh comparison step output from the A register 42,
i.e., the adder 39 outputs the comparison level in the eleventh
comparison step and the subtracter 40 outputs a value, which
is the comparison level in the eleventh step minus 1. The
multiplexer 41 selects and outputs the output of the adder 39
or the subtracter 40 according to the comparison result in the
eleventh comparison step and the AD_out register 43 latches
the output of the multiplexer 41 according to AD_out_CLK
and outputs it as an AD converted value.

[0097] The AD conversion processing is completed as
described above.

[0098] The algorithm for determining the comparison lev-
els shown in FIG. 12 is explained.

[0099] First, the error caused by the comparator offset is
estimated. Let an input-converted offset of the first compara-
tor 21 be V_, and an input-converted offset of the second
comparator 22 be V_,. In the non-binary redundant algo-
rithm, the error is considered with reference to the final step,
and therefore, in the comparison in the steps in the former
half| thereis anerrorofV, -V, ,, asaresult. ThenV_, is the
offset of the entire ADC. In the steps in the former half, the
first comparator 21 with large noise is used, and therefore, it
is necessary to design the redundant algorithm so that it can
correct the offset error and noise.

[0100] For example, it is designed so that in ten bits, in the
first comparator 21, at offset+4[.SB, the noise is 30=1LSB
and in the second comparator 22, at offset —2L.SB, the noise is
38=0.2LSB. In the algorithm in the second embodiment, in
the seventh to eleventh comparison steps, the second com-
parator 22 with small noise is used. Because the error allow-
able value is 8LSB, if the total of the offset mismatch of the
two comparators and the noise is within +8L.SB, correction
can be made. Further, the gradation of the output is -8 to
+1,031, and therefore, if the offset of the second comparator
22 is within +8L.SB, the output is in 1,024 gradations without
saturation. The offset can be corrected by subtracting the
amount of offset from the final digital converted value.

[0101] When the two comparators are used, the error in
each step becomes equal by the comparison processing of the
first comparator 21 used in the steps in the former half. In this
case, it is recommended to weight the comparison level in the
binary system, prepare two comparison levels of the same
weight according to the error to be allowed, and switch the
comparator to the second comparator 22 from the comparison
processing in the step.



US 2011/0133971 Al

[0102] According to the algorithm described above, DAC
(k) in FIG. 12 is decided.

[0103] FIG. 13 is a diagram showing a configuration of a
10-bit charge-sharing SAR ADC in a third embodiment of the
present invention and FIG. 14 is a diagram showing a con-
figuration of the parts of an input signal capacitor, a plurality
of reference capacitors, and a comparator in the charge-shar-
ing SAR ADC in the third embodiment.

[0104] Asshown in FIG. 13, the charge-sharing SAR ADC
in the third embodiment comprises a comparison processing
part 51 having a C_array 52 and the comparator unit 20, a
timing generation circuit 55, a C register 56, a shift register
57, amemory 58, an adder 59, a subtracter 60, the multiplexer
61, an A register 62, and an AD_out register 63. The parts
except for the comparison processing part 51 form the part
corresponding to the control circuit 17 in FIG. 3.

[0105] As shown in FIG. 14, the C_array 52 comprises the
switch SW1, the input signal capacitor Cs, and 10 reference
capacitor circuits 53-1, . . ., 53-10. As shown in FIG. 14, the
configuration of each reference capacitor circuit has the same
configuration as that of the conventional charge-sharing SAR
ADC shown in FIG. 3. However, the conventional n-bit
charge-sharing SAR ADC comprises n-1, i.e., nine reference
capacitor circuits in the case of 10 bits; however, the 10-bit
charge-sharing SAR ADC in the present embodiment differs
from the conventional charge-sharing SAR ADC shown in
FIG. 3 in that it comprises 10 reference capacitor circuits and
the capacitance values of the reference capacitors C0 to C10
provided in the 10 reference capacitor circuits are set accord-
ing to the non-binary algorithm. Because 10 reference capaci-
tor circuits are provided, 11 comparison steps are performed
as a result. The switches SW11 and SW12 in the reference
capacitor circuits 53-1, . . ., 53-10 are controlled by the signal
sample_CLK and the switches SW13 to SW16 are controlled
by a signal SR_out output from the shift register 57.

[0106] FIG. 15 shows capacitance values Cu (k) of the
reference capacitors C1 to C10 (C (k) (k=1 to 9)), allowable
1LSB-converted offset errors er (k), and error allowable val-
ues expressed in LSB. The capacitance value Cu (k) is
denoted by a relative value when the capacitance value of C10
is assumed to be 1. The capacitance value of the input signal
capacitor Cs is 512 times the capacitance value of C10 and
when the capacitance value of C10 is assumed to be C, it is
512C. The setting of the capacitance value Cu (k) of the
reference capacitor shown in FIG. 15 will be described later.
[0107] Returning to FIG. 13, the timing generation circuit
55 receives the reset signal Reset and the clock CLK and
generates and outputs the timing signals sample_CLK, SR-
Reset, SR_CLK, Comp, CR_CLK, address1-11, AR_Reset,
AR_CLK, and AD_out_CLK to control each part.

[0108] The signal sample_CILK is a signal that turns ON
during the period of sampling and SW1 and switches SW11,
SW12 in each reference capacitor circuit in FIG. 14 enter the
closed state during the period during which the signal
sample_CLK is ON and enters the open state during periods
other than the period.

[0109] The comparator unit 20 selects a comparator that is
to be brought into the operating state according to the signals
comp and select and outputs the comparison result.

[0110] The C register 56 latches the output of the compara-
tor unit 20 according to the signal CR_CLK and outputs it as
Comp_out.

[0111] After resetting the value held according to the signal
SR_Reset, the shift register 57 sequentially takes in and stores
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the output of the C resister according to the signal SR_CLK
and outputs it as the signal SR_out.

[0112] The memory 58 is configured by a ROM and stores
values corresponding to the capacitance values of the input
signal capacitor Cs and the reference capacitors C1to C10 in
association with the signal address1-11 and outputs a stored
value according to the signal address1-10 that is input. Fur-
ther, the memory 58 stores values in association with the
signal address 11 so as to output “0” to the adder 59 and “1”
to the subtracter 60.

[0113] The adder 59 adds the output value of the memory
58 to the output value of the A register 62 and outputs the
addition result to the multiplexer 61 and the subtracter 60
subtracts the output value of the memory 58 from the output
value of the A register 62 and outputs the subtraction result to
the multiplexer 61.

[0114] The multiplexer 61 selects and outputs one of the
outputs of the adder 59 and the subtracter 60 based on the
determination result output from the C register 56.

[0115] The A resister 62 outputs an initial value set in
advance according to the signal AR_Rest and after that,
latches the output of the multiplexer 61 according to the
signal AR_CLK and outputs it to the adder 59 and the sub-
tracter 60.

[0116] The AD_out register 63 latches the output of the
multiplexer 61 according to AD_out_CLK and outputsitasa
digital converted value.

[0117] Next, the operation of the 10-bit charge-sharing
SAR ADC in the embodiment is explained. The charge-shar-
ing SAR ADC in the embodiment performs the sampling step
once and the comparison step 11 times and each step is
performed in one clock. As described above, while the con-
ventional 10-bit charge-sharing SAR ADC comprises the
nine reference capacitor circuits and performs the sampling
step once and the comparison step 10 times, the 10-bit refer-
ence capacitor circuit in the embodiment comprises the 10
reference capacitor circuits 53-1, . . ., 53-10 and performs the
comparison step 11 times. The 10 reference capacitor circuits
53-1, ..., 53-10 comprise the 10 reference capacitors C1 to
C10 and the capacitance values of the reference capacitors C1
to C10 are weighted in accordance with the non-binary algo-
rithm as shown in FIG. 15. When the sixth comparison step is
completed, the timing generation circuit 55 varies the signal
select and in response to this, the comparator unit 20 is set so
that the second comparator 22 enters the operating state and
the determination result of the second comparator 22 is out-
put.

[0118] First, the sampling step is performed according to
the signal Reset. In the sampling step, as in the conventional
example, SW1 is brought into the closed state and the analog
input signal Vin is applied to the input signal capacitor Cs and
atthe same time, SW11 and SW12 are brought into the closed
state and SW13 to SW16 are brought into the open state and
the reference voltage Vref is applied to the reference capaci-
tors C1 to C10 in the reference capacitor circuits 53-1, . . .,
53-10. After that, SW1 is brought into the open state and
SW11 and SW12 are brought into the open state. Due to this,
in the input signal capacitor Cs, charges of Qin=512CxVin
are accumulated and in the reference capacitors C1 to C10,
Cu (k)xVref (k=1 to 10) is accumulated. Further, the A reg-
ister 62 is set so as to output an intermediate value of the initial
value 512, i.e., a 10-bit digital value. The comparator unit 20
is set so that the first comparator 21 enters the operating state
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according to the signals select, Comp and the determination
result of the first comparator 21 is output.

[0119] In the first comparison step, the first comparator 21
determines whether the voltage of the input terminal of the
input signal capacitor Cs is higher or lower than GND. At this
time, the memory 58 outputs Cu (1)=256 of C1 stored in the
first address and the adder 59 outputs a value of 768, which is
the initial value of 512 output from the A register 62 plus 256,
and the subtracter 60 outputs a value of 256, which is the
initial value of 512 output from the A register 62 minus 256,
respectively. The multiplexer 61 selects the value of 768
output from the adder 59 when the determination result is
“high (1)” or selects the value of 256 output from the sub-
tracter 60 when the determination result is “low (0)” and the
A register 26 latches and outputs the value output from the
multiplexer 61.

[0120] In the second comparison step, when the determi-
nation result in the first comparison step is “1”, SW15 and
SW16 in the reference capacitor circuit 53-1 are brought into
the closed state and connection is made in the backward
connection state where one of the terminals of the reference
capacitor C1 is connected to the reference terminal of the
input signal capacitor Cs and the other terminal of the refer-
ence capacitor C1 is connected to the input terminal of the
input signal capacitor Cs. Due to this, the total changes accu-
mulated in the input signal capacitor Cs and the reference
capacitor C1 become Qx=512CxVin-256CxVref and the
voltage of the reference terminal becomes Vx=0Qx/(512C+
256C)=(512xVin-256xVret)/768. In this state, the first com-
parator 21 makes a comparison.

[0121] When the determination result in the first compari-
son step is “0”, SW13 and SW14 in the reference capacitor
circuit 23-1 are brought into the closed state and connection is
made in the forward connection state where one of the termi-
nals of the reference capacitor C1 is connected to the input
terminal of the input signal capacitor Cs and the other termi-
nal of the reference capacitor C1 is connected to the reference
terminal of the input signal capacitor Cs. Due to this, the total
changes accumulated in the input signal capacitor Cs and the
reference capacitor C1 become Qx=512CxVin+256CxVref
and the voltage of the reference terminal becomes Vx=Qx/
(512C+256C)=(512xVin+256xVref)/768. In this state, the
first comparator 21 makes a comparison.

[0122] At this time, the memory 58 outputs Cu (2)=128 of
C2 stored in the second address and the adder 59 outputs the
value (768 or 256) output from the A register 62 to which 128
is added (that is, 896 or 384) and the subtracter 60 outputs the
value (768 or 256) output from the A register 62 from which
128 is subtracted (that is, 640 or 128), respectively. The
multiplexer 61 selects the value (896 or 384) output from the
adder 59 when the determination result is “high (1)” or the
value (640 or 128) output from the subtracter 30 when the
determination result is “low (0)” and the A register 62 latches
and outputs the value output from the multiplexer 61.

[0123] Subsequently, in the third to eleventh comparison
steps, the reference capacitors C2 to C10 are connected to the
input signal capacitor Cs according to the determination
result in the previous step and Cu (3) to Cu (10) output from
the memory 58 according to the steps are added to or sub-
tracted from the value held in the A register 23 in the previous
comparison step repeatedly and thus a digital converted value
is generated.

[0124] Asdescribed above, when the sixth comparison step
is completed, the timing generation circuit 55 varies the sig-
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nal select and in response to this, the comparator unit 20 is set
so that the second comparator 22 enters the operating state
and the determination result of the second comparator 22 is
output.

[0125] In the final eleventh comparison step, the memory
58 outputs “0” to the adder 59 and “1” to the subtracter 60 and
the adder 59 outputs the comparison level as it is in the
eleventh comparison step output from the A register 62 and
the subtracter 60 outputs the comparison level in the eleventh
step from which 1 is subtracted. The multiplexer 61 selects
and outputs one of outputs of the adder 59 and the subtracter
60 according to the comparison result in the eleventh step and
the AD_out register 63 latches the output of the multiplexer
61 according to the AD_out_CLK and outputs it as an AD
converted value.

[0126] The AD conversion processing is completed as
above.

[0127] Next, the correction algorithm for setting the capaci-
tance values of the reference capacitors C1 to C10 is
explained.

[0128] In this case, the offset is calculated in each step and

difference from that in the final step is taken as an error. A
charge-converted offset Q, (k) in each step is expressed by
the following mathematical expression in the steps in the
former half in which the first comparator 21 is used.

QosB)=Copn(k)* Vo1

[0129] The charge-converted offset Q_ (k) is expressed by
the following mathematical expression in the steps in the
latter half in which the second comparator 22 is used.

QosB)=Copn(k)* Vo2

[0130] When the variations in the offset of the first com-
parator 21 are within a range of +aV and the variations in the
offset of the second comparator 22 are within a range of +bV,
a charge-converted error Q,, by the offset in the steps in the
former half is expressed by the following mathematical
expression.

*Qg(k)zcmm(k)* Vost=Coun M)V 521 Q. (k) 1<(a+D)

suaml

[0131] Further, when the 36 of noise Vnol of the first com-
parator 21 is assumed to be ¢V, the error in the comparison in
the former steps is expressed by the following mathematical
expression

*Qg(k)(zcsum(k)* Vos1=Coun M)V 510, (k) 1<(a+D)
[0132] When the error relating to the charge sharing in the
comparison in the steps in the latter half'is sufficiently small,
asin the case where two comparators are used, it is possible to
make a correction by providing two reference capacitors with
the same weight so that an error (a+b+c)xC,,,,, (M) in the
comparison in the steps in the former half can be allowed.
[0133] As to the weights of the reference capacitors in FIG.
15, Cu(k) is determined in accordance with the algorithm
described above on the assumption that when 10 bits, Vin=-1
Vto +1V, Vref=1V, Cs=512C, the first comparator 21 has
38=0.2 mV of noise at offset +8 mV and the second compara-
tor 22 has 38=1 mV of noise at offset -7 mV.
[0134] The present invention can be applied to a sequential
comparison-type AD conversion circuit.
[0135] The embodiments of the present invention are
explained as above; however, the embodiments described
above are merely examples of how to carry out the invention
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and a person skilled in the art can easily understand that there
can also be various modified examples within the scope of
claims.

What is claimed is:
1. An analog-to-digital converter comprising:
a digital-to-analog converter that outputs a reference ana-
log signal according to a multibit digital signal;
a first comparator that compares an input analog signal
with the reference analog signal;
a second comparator that compares an input analog signal
with the reference analog signal;
a selection circuit that selects one of comparison results of
the first comparator and the second comparator; and
a control circuit that sequentially varies the multibit digital
signal based on the selected comparison result in a plu-
rality of steps so that the reference analog signal
becomes closer to the input analog signal, wherein
the control circuit controls the selection circuit to select
comparison results of the first comparator up to an inter-
mediate step on the way of the plurality of steps and
select comparison results of the second comparator after
the intermediate step, and
the bit values of the multibit digital signal are varied in
accordance with the non-binary algorithm.
2. The analog-to-digital converter according to claim 1,
wherein
the first comparator and the second comparator are
dynamic comparators.
3. The analog-to-digital converter according to claim 1,
wherein
the power consumption of the first comparator is lower
than that of the second comparator, however, the noise of
the former is higher than that of the latter.
4. The analog-to-digital converter according to claim 2,
wherein
the power consumption of the first comparator is lower
than that of the second comparator, however, the noise of
the former is higher than that of the latter.
5. The analog-to-digital converter according to claim 3,
wherein
the first comparator comprises the same circuit configura-
tion as that of the second comparator, however, is
smaller in size than the second comparator.
6. The analog-to-digital converter according to claim 4,
wherein
the first comparator comprises the same circuit configura-
tion as that of the second comparator, however, is
smaller in size than the second comparator.
7. The analog-to-digital converter according to claim 1,
wherein
the control circuit varies the bit values of the multibit
digital signal in accordance with the binary algorithm in
the plurality of steps before the intermediate step.
8. An analog-to-digital converter comprising:
an input signal capacitor that has an input terminal to which
an analog input signal is applied at the time of sampling
and a reference terminal connected to a reference poten-
tial and which holds a charge amount corresponding to a
voltage of an analog input signal applied at the time of
sampling;
one or more reference capacitors that hold a charge amount
corresponding to a voltage of a reference voltage applied
at the time of sampling and the two terminals of each of
which are configured so as to be capable of being con-
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nected to the input terminal and the reference terminal of
the input signal capacitor in either a forward connection
state or a backward connection state;

a first comparator that determines whether the voltage of
the input terminal of the input signal capacitor is higher
or lower than the reference potential;

a second comparator that determines whether the voltage
of the input terminal of the input signal capacitor is
higher or lower than the reference potential;

a selection circuit that selects one of comparison results of
the first comparator and the second comparator; and

a control circuit that sequentially makes connection while
selecting a connection state with the input signal capaci-
tor of the one or more reference capacitors based on the
selected comparison result in a plurality of steps so that
the voltage of the input terminal of the input signal
capacitor becomes closer to the reference potential and
which calculates a digital value corresponding to the
voltage of the analog input signal from the determina-
tion result, wherein

the control circuit controls the selection circuit to select
comparison results of the first comparator up to an inter-
mediate step on the way of the plurality of steps and
select comparison results of the second comparator after
the intermediate step, and

the capacitance values of the input signal capacitor and the
one or more reference capacitors are set in the non-
binary system.

9. The analog-to-digital converter according to claim 8,

wherein

the first comparator and the second comparator are
dynamic comparators.

10. The analog-to-digital converter according to claim 8,

wherein

the power consumption of the first comparator is lower
than that of the second comparator, however, the noise of
the former is higher than that of the latter.

11. The analog-to-digital converter according to claim 9,

wherein

the power consumption of the first comparator is lower
than that of the second comparator, however, the noise of
the former is higher than that of the latter.

12. The analog-to-digital converter according to claim 10,

wherein

the first comparator comprises the same circuit configura-
tion as that of the second comparator, however, is
smaller in size than the second comparator.

13. The analog-to-digital converter according to claim 11,

wherein

the first comparator comprises the same circuit configura-
tion as that of the second comparator, however, is
smaller in size than the second comparator.

14. The analog-to-digital converter according to claim 8,

wherein

the capacitance values of the input signal capacitor and the
one or more reference capacitors are all different from
one another.

15. The analog-to-digital converter according to claim 9,

wherein

the capacitance values of the input signal capacitor and the
one or more reference capacitors are all different from
one another.

16. The analog-to-digital converter according to claim 10,

wherein
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the capacitance values of the input signal capacitor and the
one or more reference capacitors are all different from
one another.
17. The analog-to-digital converter according to claim 11,
wherein
the capacitance values of the input signal capacitor and the
one or more reference capacitors are all different from
one another.
18. The analog-to-digital converter according to claim 12,
wherein
the capacitance values of the input signal capacitor and the
one or more reference capacitors are all different from
one another.
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19. The analog-to-digital converter according to claim 13,
wherein
the capacitance values of the input signal capacitor and the
one or more reference capacitors are all different from
one another.
20. The analog-to-digital converter according to claim 8,
wherein
the capacitance value of the reference capacitor connected
to the input signal capacitor before the intermediate step
is set in the binary system.
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