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There is provided a successive-approximation A/D converter
in which the binary weighted capacitive D/A converter gen-
erates a residual signal for each of cycles assigned to each bit
of N bits on the basis of an analog input signal and a reference
voltage, the first comparator compares a residual signal at a
first time point within a cycle with a predetermined voltage to
acquire a first comparison result, the register stores the first
comparison result therein, the second comparator compares a
residual signal at a second time point later than the first time
point within the cycle with the predetermined voltage to
acquire a second comparison result, the error determining
circuit generates an error detection signal when they differ
from each other, and the error-correcting circuit inverts and
outputs the first comparison result from the register in a case
that the error detection signal has been generated.
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A/D CONVERTER AND RADIO RECEIVER

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is based upon and claims the ben-
efit of priority from the prior Japanese Patent Application No.
2011-186130, filed on Aug. 29, 2011, the entire contents of
which are incorporated herein by reference.

FIELD

[0002] Embodiments relate to a successive-approximation
A/D (analog-to-digital) converter and a radio receiver.

BACKGROUND

[0003] The task of speeding up a successive approximation
(SAR) A/D converter is to reduce the power consumption of
a driver for driving a capacitive D/A converter. The cause for
an increase in power consumption is nothing less than the
necessity of shortening the settling time of the capacitive D/A
converter along with the speeding up. In response to this task,
there has been proposed a successive-approximation A/D
converter based on a non-binary conversion algorithm. This
A/D converter adopts a system in which a comparison voltage
of A/D conversion is given redundancy in each conversion
cycle. By having redundancy, the A/D converter is capable of
making corrections in later digital processing even if settling
is more or less insufficient.

[0004] InA/D conversion based on a non-binary algorithm,
aradix is 2 or smaller. Accordingly, whereas a resolution of N
bits canbe obtained by N cycles of A/D conversion in a binary
algorithm, the number of cycles larger than N is required in
the case of the non-binary algorithm, in order to obtain a
resolution of N bits. An error margin of the comparison volt-
age becomes larger in proportion to the amount of redun-
dancy. Likewise, the number of conversion cycles increases
with an increase in the amount of redundancy. Accordingly,
the non-binary algorithm is disadvantageous in that an error
tolerance in the algorithm decreases in contrast to a given
amount of redundancy.

[0005] The non-binary algorithm is also disadvantageous
in that a digital signal processing circuit needs to be provided
in the A/D converter since the result of A/D conversion has to
be converted to a binary system.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] FIG.1 is a drawing illustrating a SARAD converter
according to a related art;

[0007] FIG. 2 is a drawing illustrating an example of the
input-output characteristics of an A/D converter when a=2;
[0008] FIG. 3 is a drawing illustrating the input-output
characteristics when the settling time of a capacitive DAC is
insufficient;

[0009] FIG. 4 is a drawing illustrating an example of the
input-output characteristics of the A/D converter when a=1.
5;
[0010] FIG. 5 is a drawing illustrating a SARAD converter
according to a first embodiment;

[0011] FIG. 6is a drawing used to describe error correction
principles of the SARAD converter;

[0012] FIG.7isadrawing used to describe error correction
principles of the SARAD converter;

[0013] FIG. 8isadrawing used to describe error correction
principles of the SARAD converter;
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[0014] FIG.9 is a drawing illustrating principles of an error
correcting method according to the present embodiment;

[0015] FIG. 10 is a drawing illustrating a specific configu-
ration example of the circuit illustrated in FIG. 5;

[0016] FIG. 11 is a drawing illustrating a timing chart of
operation of the circuit illustrated in FIG. 10;

[0017] FIG. 12 is a drawing illustrating a SARAD conver-
sion circuit according to a second embodiment;

[0018] FIG. 13 is a drawing illustrating a SARAD conver-
sion circuit according to a third embodiment; and

[0019] FIG. 14 is a drawing illustrating a radio receiver
provided with a SARAD conversion circuit according to any
one of the first to third embodiments.

DETAILED DESCRIPTION

[0020] According to an embodiment, there is provided a
successive-approximation A/D converter, including: a binary
weighted capacitive D/A converter, a first comparator, a reg-
ister, a second comparator, an error determining circuit and an
error-correcting circuit.

[0021] The binary weighted capacitive D/A converter gen-
erates a residual signal for each of cycles assigned to each bit
of N bits on the basis of an analog input signal and a reference
voltage.

[0022] The first comparator compares a residual signal at a
first time point within a cycle with a predetermined voltage to
acquire a first comparison result representative of a logical
value.

[0023] The register stores the first comparison result
therein.
[0024] The second comparator compares a residual signal

ata second time point later than the first time point within the
cycle with the predetermined voltage to acquire a second
comparison result representative of a logical value.

[0025] The error determining circuit generates an error
detection signal when the first comparison result differs from
the second comparison result.

[0026] The error-correcting circuit inverts, in a case that the
error detection signal has been generated, the first comparison
result from the register to output an inverted first comparison
result, and output, in a case that the error detection signal has
not been generated, the first comparison result from the reg-
ister, without inverting the first comparison result.

[0027] Hereinafter, embodiments of the present invention
will be described, while referring to the accompanying draw-
ings.

[0028] FIG.1illustrates a SARAD converter according to a
related art.
[0029] This circuit includes a plurality of capacitors o>C,

a’C, o'C, a°C and a°C weighted by powers of a; and a
plurality of switches 101a,1015,101¢, 101d and 101e respec-
tively connected to one end of each capacitor; and a compara-
tor 102. This circuit is a configuration example in which a
resolution N=3 bits. Reference numeral 103 denotes a capaci-
tive D/A converter.

[0030] A general formula of the internal amplitude (V,,,),
i.e., the residual signal of this SARAD converter is repre-
sented by the following formula:
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Vour = =Vin + [Formula 1]

1

e ra T @ P DIl + a DOy

[0031] Here, DJ[i] represents an A/D conversion result in an
N-ith cycle. For example, it N=3, then D|2] represents an A/D
conversionresult in a cycle of 3-2=1. D[i] has a logical value
ofOor 1.

[0032] V,_represents the reference voltage of the A/D con-
verter (input range of the A/D converter).

[0033] The comparator 102 compares V,, with a ground
(Vg), and outputs 1 if V_,, is larger, or outputs 0 if V_,, is
smaller.

[0034] A case is considered in which, for example, =2, in
order to describe basic A/D conversion operation.

[0035] Inafirstcycle,V,, isconnectedtoa 23 capacitorand
the ground (Vg) is connected to other capacitors. The com-
parator 102 compares V,,,, with Vg to perform A/D conver-
sion.

[0036] V,,(V,, (1)) in the first cycle is given by the fol-
lowing formula:

out

Vour™=Vint¥2V,or [Formula 2]

[0037] At this time, the conversion result D[2] is 1 if an
input signal (V,,,—Vg) to the comparator 102 is positive, or O
if the input signal is negative.

[0038] Inasecond cycle of conversion, V, -is connected to
a 27 capacitor, Vg is connected to a 2! capacitor and two 22
capacitors, and a voltage of V,_*D[2] is connected to the 23
capacitor, respectively, to perform A/D conversion operation
by using the comparator 102. V_, (V_,, (2)) at this time is
represented by the following formula:

V==Vt V3V, D21 HAY,

reflFormula
[0039] Such computations as described above are repeated
to realize high-resolution A/D conversion operation.

[0040] FIG. 2 illustrates the input-output characteristics of
the A/D converter when a=2. FIG. 2A illustrates the input-
output characteristics in a first cycle of SARAD conversion,
whereas FIG. 2B illustrates the input-output characteristics in
a second cycle. The axis of abscissas represents an input Vin
to the A/D converter, and the axis of ordinates represents V..
If the comparison voltage (residual signal) V,, can be pre-
cisely set to, for example, Y5 or Y4 of 'V, the input signal is
A/D-converted without causing errors.

[0041] In practice, however, consideration needs to be
given to the settling time of the capacitive D/A converter 103.
[0042] FIG. 3 illustrates the input-output characteristics
when the settling time of the capacitive DAC is insufficient.
FIG. 3A illustrates the input-output characteristics in a first
cycle, whereas FIG. 3B illustrates the input-output character-
istics in a second cycle.

[0043] Insufficiency insettling corresponds to a decrease in
the added amount to reference voltage. Accordingly, the ref-
erence voltage is subtracted in a case that a voltage of the
input signal is larger than V,_ /2. For example, as illustrated in
FIG.3A, an output is desired to be V, when an input is V_,, but
results in V. If an error occurs in the comparison voltage, the
output voltage (V,,, (1)) in the first cycle exceeds the input
range of the second cycle (in the illustrated example, V_ is
larger than V,,/2), thus causing miscoding. Note that the
drawing of FIG. 3B is rotated 90 degrees, in order to clarify a

3]
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magnitude relationship betweenV ,,,
Vin in the second cycle in FIG. 3B.
[0044] Examples of techniques to alleviate effects of insuf-
ficient settling include a method of setting c. to a value smaller
than 2. This method will be discussed hereinafter.

[0045] As an example of this method, FIG. 4 illustrates
input-output characteristics when a=1.5. FIG. 4A illustrates
input-output characteristics in a first cycle, whereas FIG. 4B
illustrates input-output characteristics in a second cycle.
[0046] When a=1.5, the output signal (residual signal) of
the capacitive D/A converter is represented by the following
general formula:

(1) in the first cycle and

Vur = [Formula 4]
v 3.375V DI 25 VoDl 1.5 VDI
~Vin+ g3 Vrer PI2)+ G Vi DILL+ 775 Vi DIO)

[0047] Solid lines in FIG. 4A represent an input/output

range of the first cycle in a state free of errors, and dotted lines
(range in a direction of the axis of ordinates) represent an
input range of the second cycle. The input range of the second
cycle tolerates a range equal to or greater than the output
range of the first cycle free of errors. Consequently, any error
in the comparator is tolerated as long as the error does not
exceed the range shown by the dotted lines.

[0048] Note however that an output code decreases in this
A/D conversion algorithm. If a=1.5 and the number of cycles
is 3, then the output code is a 1.5%+1.5'+1.5°=5.75 (5, if
truncated) code. This value is approximately 0.7 times, com-
pared with an output code (8 code) when a=2. If expressed by
the accuracy of an A/D converter, the output code is 3 bits for
a=2 and 2.5 bits for a=1.5, when the number of cycles is 3,
thus resulting in a decrease of 0.5 bits. In order to compensate
for this decrease, the number of cycles needs to be increased.
For example, in a case where a conversion code of 3 bits or
greater is obtained when a=1.5, an addition of one cycle gives
a 9.1 (9, if truncated) code. Thus, it is understood that four
cycles are required, whereas 3 cycles are sufficient otherwise.
[0049] In addition, in the case of a non-binary A/D con-
verter, conversion to a binary code is required. For example,
a computation of (2/1.5)*D[2]+(2/1.5)D[1] needs to be per-
formed when a=1.5. For this reason, a multiplying circuit
becomes necessary as a digital signal processing circuit, thus
causing the problem that a circuit area and power consump-
tion increase.

[0050] FIG. 5 illustrates a SARAD converter according to a
first embodiment configured to solve the above-described
problems.

[0051] This SARAD converter includes a capacitive D/A
converter 11, two comparators 1 and 2, an error determining
circuit 13, a register 14, an error-correcting circuit 15, and an
SAR control circuit 16.

[0052] The capacitive D/A converter 11 has the same con-
figuration as that of the capacitive D/A converter 103 illus-
trated in FIG. 1. The capacitive D/A converter 11 generates
V... (residual signal) for each cycle assigned to each bit of N
bits on the basis of an analog input signal Vin and a reference
voltage V.

[0053] The two comparators 1 and 2 share the same input,
and V_,,, (residual signal) which is the output of the capacitive
D/A converter 11 and a ground (Vg) provided as a predeter-
mined voltage are respectively input to the comparators.
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[0054] The comparator 1 (first comparator) compares V,,,
(residual signal) at a first time point within a cycle with the
predetermined voltage (ground), and acquires and outputs a
first comparison result representative of a logical value.
[0055] The comparator 2 (second comparator) compares
V.. (residual signal) at a second time point later than the first
time point within the abovementioned cycle with the prede-
termined voltage (ground), and acquires and outputs a second
comparison result representative of a logical value.

[0056] The output of the comparator 1 is input to the error
determining circuit 13 and the register 14. The output of the
comparator 2 is input to the error determining circuit 13.
[0057] The register 14 stores N signals (N is the resolution
of'the SARAD converter) output from the comparator 1 in N
times.

[0058] The register 14 outputs the signals (N-bit data)
stored therein to the error-correcting circuit 15.

[0059] The error determining circuit 13 determines
whether the output (first comparison result) of the comparator
1 and the output (second comparison result) of the compara-
tor 2 are the same. If the two outputs are the same, the error
determining circuit 13 sends, to the error-correcting circuit
15, an instruction signal instructing to directly output the data
input from the register 14 without correcting the data. On the
other hand, if the two outputs differ from each other, the error
determining circuit 13 sends, to the error-correcting circuit
15, an instruction signal (error detection signal) instructing to
correct the data input from the register 14 to output the cor-
rected data.

[0060] According to the content of the instruction signal
from the error determining circuit 13, the error-correcting
circuit 15 directly outputs the data input from the register
without correcting the data, or corrects the data before out-
putting the data.

[0061] The SAR control circuit 16 sends control signals to
the capacitive D/A converter 11, the comparators 1 and 2, the
register 14, and the error-correcting circuit 15 to control these
elements. A control signal to be sent to the SAR control
circuit 16 is generated upon receipt of an A/D conversion
result from the error-correcting circuit 15. With this control
signal, the SAR control circuit 16 controls the capacitive D/A
converter 11.

[0062] Specifically, the SAR control circuit 16 generates
signals for controlling the switches (see the switches 101a to
101e in FIG. 1) within the capacitive D/A converter 11. The
A/D conversion results D[2] and D[1] are required at the time
of control. FIGS. 6, 7 and 8 are drawings used to describe
error correction principles of the SARAD converter illus-
trated in FIG. 5.

[0063] Principles of error occurrence in a conventional A/D
circuit due to insufficient settling will be described first, and
then principles of error correction based on a proposed
method will be described.

[0064] FIG. 6 illustrates time response waveforms of the
output signal V_, (residual signal) of a capacitive D/A con-
verter in a conventional method. FIG. 6A illustrates a
response waveform when an input signalis V,, , whereas FIG.
6B illustrates a response waveform when the input signal is
approximately %2V, . In addition, the axis of ordinates in the
figure represents voltage and the axis of abscissas represents
time.

[0065] Output waveforms in the figure assume that the cir-
cuit is composed of a full differential circuit. Dashed lines
represent a positive-side voltage and solid lines represent a
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negative-side voltage. Note that a circuit having a single-
ended configuration is shown in FIG. 1. In the case of a circuit
having a differential configuration, however, the same con-
figuration as that of FIG. 1 is provided on the positive side and
the negative side, respectively.

[0066] In the figure, V,  denotes a reference voltage of the
A/D converter. Note that for reasons of differential configu-
ration, a range of the reference voltage that the positive-side
and negative-side configurations can have is V,_/2 in FIGS.
6A and V, /4 in FIG. 6B. The term “sample” in the figure
refers to the sampling period of an input signal, and “1” and
“0” refer to bits obtained as the result of decision. In the
illustrated example, four bits are obtained since the resolution
N=4.

[0067] In the SARAD converter, such a computation as
shown earlier in Formula (1) is performed on the input signal.
FIGS. 6 A and 6B show a case where the settling time of the
capacitive D/A converter is sufficiently fast. By making a
decision at a time point when a sufficient degree of settling is
reached, it is possible to perform successive-approximation
A/D conversion without causing errors. When normal con-
version operation is done, the differential output voltage of
the capacitive D/A converter asymptotically approximates to
0.

[0068] FIG. 7 illustrates a timing chart used to describe the
operating state of the SARAD converter during a cycle i. As
illustrated in the figure, the SARAD converter has roughly
three operation phases listed below in one cycle of A/D con-
version:

[0069] (1) Capacitive D/A converter settling
[0070] (2) Comparison (decision)
[0071] (3) SAR control circuit operation (generation of

control signals for cycles i and i+1)

[0072] Comparative operation in phase (2) is normally per-
formed at the completion of settling. Considering the required
operating time of the SAR control circuit, comparative opera-
tion (decision) is performed about halfway through one cycle.
It is conceivable to shorten the settling time or speed up the
operation of the SAR control circuit, in order to achieve
sufficient settling. Either of these schemes involves the prob-
lem, however, that power consumption increases.

[0073] FIG. 8illustrates time response waveforms in a case
where the capacitive D/A converter is insufficient in settling.
[0074] Likein FIG. 6, a full differential circuit is assumed.
FIG. 8A illustrates a case where the input signal is V,
whereas FIGS. 8B and 8C illustrate a case where the input
signal is V. /2.

[0075] FIGS. 8B and 8C differ from each other in the time
point of decision by the comparators. In FIG. 8C, a compari-
son is made halfway through a cycle, whereas in FIG. 8B, a
comparison is made in the final phase of a cycle.

[0076] In FIGS. 8A, 8B and 8C, the capacitive D/A con-
verter provides dull time response waveforms since the set-
tling of the capacitive D/A converter is performed simulta-
neously with a state transition from an ith cycle to an i+/th
cycle.

[0077] As illustrated in FIG. 8A, the same decision result
(output bits equal 1111) as shown in FIG. 6 is brought even in
the case of insufficient settling, if the input signal is V. In
contrast, as illustrated in FIGS. 8B and 8C, the decision result
varies depending on the timing at which a decision is made, if
the input is V, /2. For example, in the case of FIG. 8B in
which a comparison is made in the final phase of a cycle, the
input signal is A/D-converted (output bits equal 1011) with-
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out causing errors under the condition of settling being fully
achieved. If a decision by a comparator is made halfway
through the cycle, however, an erroneous decision (output
bits equal 1100) occurs, as illustrated in FIG. 8C.

[0078] FIG. 9 illustrates principles of an error correcting
method according to the present embodiment.

[0079] This method is characterized in that two points of
comparison (first and second time points) are provided in one
cycle of an A/D conversion period. As illustrated in FIG. 5,
this operation is realized by providing two comparators.
[0080] The comparator 1 performs comparative operation
near a midpoint in one cycle (first time point) as is done
conventionally, whereas the comparator 2 performs compara-
tive operation immediately before the end of one cycle (sec-
ond time point).

[0081] An erroneous decision is detected by comparing the
outputs of the comparator 1 and the comparator 2. Identity
between the outputs of the two comparators means that the
decision of the comparator 1 is normal. Any difference
between the outputs of the two comparators means that the
decision of the comparator 1 is erroneous.

[0082] Ifthe decision ofthe comparator 1 is erroneous, data
(bits) is corrected in a cycle two cycles later than the cycle in
which an error has been made. The data correction is made by
inverting data of the erroneous cycle and data of the next
cycle, respectively. In the example of FIG. 9, data of cycle 2
and cycle 3 is corrected in cycle 4 since an error is detected in
cycle 2. Note that the reason for making corrections in a cycle
two cycles later than the cycle in which an error has been
made is that error correction is limited to this timing due to the
operating mechanism of a later-described example of circuit
configuration illustrated in FI1G. 10.

[0083] In the case of a SARAD converter, if an erroneous
decision is made in a certain cycle and if the amount of error
is not so large, then an error is certainly made in the next cycle.
For example, consider a case where an error is made in a first
cycle. Here, assume that a time period of a second cycle is
sufficiently longer than that of the first cycle. If the input
signal is close in value to V,_ /2 and if an error is made in the
first cycle, then a voltage (amount of error) at the time of
decision in the second cycle is approximately ¥4V, . If the
inputsignal is V,,/2+V, /4 and if an error is made in the first
cycle, then a voltage (amount of error) at the time of decision
in the second cycle is approximately 0. Thus, there is the
possibility that the decision in the second cycle is correct.
Consequently, it can be said that data correction is possible if
the amount of error in an ith cycle is equal to or smaller than
a subtracted amount of reference voltage in an i+ith cycle.
[0084] Error-correcting operation is restarted from the
same cycle as the one in which an error correction has been
made (i.e., cycle 4 in FIG. 9, since an error correction is made
in cycle 4). The settling time of the capacitive D/A converter
is relaxed as the number of conversion cycles increases. This
is because capacitors being dealt with by the capacitive D/A
converter decrease in value for each subsequent conversion
cycle (in the example of FIG. 1, the capacitors decrease in
value in the order of ¢’C, ¢®C, o'C, o°C and a’C) and,
accordingly, the load of a driver for driving the capacitive D/A
converter is also alleviated. In the example of FIG. 1, the
settling time problem of the capacitive D/A converter is gen-
erally fixed by the time an L.SB conversion cycle begins.
[0085] By the above-described operation, it is possible, in
this proposed method, to relax the settling time of the capaci-
tive D/A converter without giving rise to conventionally prob-

Feb. 28,2013

lematic extra conversion cycles, while maintaining a conver-
sion algorithm in binary code format. In addition, there is no
need for any extra digital signal processing circuits to be used
after A/D conversion, since the binary code format is still
maintained.

[0086] FIG. 10 illustrates a specific configuration example
of the circuit shown in FIG. 5. FIG. 11 illustrates a timing
chart of FIG. 10. Output waveforms in the figure assume that
the circuit is composed of a full differential circuit, where a
dashed line L1 represents a positive-side voltage and a solid
line 1.2 represents a negative-side voltage. Here, an example
is shown in which an analog signal having the bits “1011” is
A/D-converted. In FIG. 11, the term “counter” represents a
counter value and the symbol “clk” represents a clock. The
term “decision 1” represents the output of a comparator 1 and
the term “decision 2” represents the output of a comparator 2.
The phrases (a) error detect, (b) error detect_d1, and (c) error
detect_d2 correspond to the output of an AND circuit 22, the
output of a DFF 31, and the output of a NOT circuit 33,
respectively, as illustrated in FIG. 10. The phrase “register
output” corresponds to the output of a register (D-latch) 23,
and the phrase “error correction output” corresponds to the
output of an error-correcting circuit 15.

[0087] An error determining circuit 13 is composed of an
EXOR circuit 21 and the AND circuit 22. The error-correct-
ing circuit 15 is composed of two DFFs 31 and 32, a NOT
circuit 33, a serial/parallel conversion circuit 34, N EXORs
35, and N DFFs (D latches) 36. A register 14 is composed of
the D latch 23.

[0088] The basic operation of this circuit is to invert the
output data of the register only for the parts thereof in which
erroneous decisions have been made, by using the XOR cir-
cuit 35.

[0089] In order to invert bit information of a cycle in which
adecision error is detected and of the next cycle, respectively,
“1” which means error detection is written to the bits in
question by using the serial/parallel conversion circuit 34.
Address signals are used when the output of the DFF 31 is
written to the serial/parallel conversion circuit 34. A counter
value k within an SAR at the time of sampling is O, as illus-
trated in FIG. 11, and increases thereafter in increments of 1
for each subsequent cycle. The address signals are repre-
sented by “k-1" and “k-2". The address signals (two) are
used only in an error-correcting cycle. The address signals
vary along with the counter value k, and the values of the
address signals are only effective in the error-correcting cycle
(cycle 4 inthe example of FIG. 11). In the example of FIG. 11,
the counter value of cycle 4 in which an error correction has
been made is 4, and therefore, the two address signals show
4-1=3 and 4-2=2, respectively. This means that bits having
these values (i.e., higher-order second and third bits) are
corrected.

[0090] The comparators 1 and 2, output “1” or “0” by
referring to a polarity obtained from a positive-side signal
shown by a line [.1 and a negative-side signal shown by a line
L2. If the line L1 is positioned above the line .2, the com-
parators output “1”. Otherwise, the comparators output “0”.
The comparators 1 and 2 share the same input signal. Conse-
quently, a decision made by the comparator 1 in cycle 2 is “17,
and “0” in cycle 3.

[0091] A decision made by the comparator 2 in cycle 2 is
“07”,and “0” in cycle 3. As described earlier, if in a successive-
approximation A/D converter, an erroneous decision is made
in a certain cycle, then an error is certainly made in the next
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cycle. Also from this premise, it can be said that the compara-
tors 1 and 2 differ in decision result from each other in cycle
2, and agree in decision result with each other in cycle 3.
[0092] As has been described heretofore, in the present
embodiment, the SARAD converter includes two compara-
tors so as to make decisions individually at different time
points within one cycle. An error caused due to incomplete
settling is detected by using two comparison results, and data
is corrected in a cycle following a cycle in which the error has
been made. Consequently, A/D conversion operation can be
performed without causing errors even in the case of a binary
weighted capacitive DAC, as long as incomplete settling
errors are limited to a certain degree. Accordingly, the present
embodiment is effective in reducing the power consumption
of a driver for driving the capacitive D/A converter.

[0093] FIG. 12 illustrates a SARAD conversion circuit
according to a second embodiment.

[0094] The basic configuration of the circuit illustrated in
FIG. 12 is the same as that of the first embodiment, except that
the second embodiment differs from the first embodiment in
the circuit configuration of comparators.

[0095] In the present embodiment, part of the circuitry of
the two comparators in the first embodiment is shared to
reduce power consumption and a circuit area. Specifically,
amplifying circuits within the two comparators of the first
embodiment are reduced to one amplifying circuit for shared
use by the two comparators.

[0096] In general, an amplifying circuit 29 is provided in a
stage followed by comparison circuits (comparators) 1 and 2,
in order to alleviate effects of noise (kickback) due to latching
operation upon the output of the capacitive D/A converter.
Effects of impedance conversion by this amplifying circuit 29
produce improvement against the kickback noise. In addition,
the effect of signal amplification by the amplifying circuit 29
produces the effect of reducing noise of the comparison cir-
cuits (comparators) 1 and 2 as viewed from a D/A convertor
output. Note that although a single-ended configuration is
illustrated in FIG. 12 for convenience of description, the same
effect can be obtained with a full differential configuration.
[0097] As has been described heretofore, according to the
present embodiment, power consumption can be reduced by
sharing the amplifying circuit 29 between the two compara-
tors. Note that the reason for providing the two comparators is
that two circuits are necessary to retain comparison results.
[0098] FIG. 13 illustrates a SARAD conversion circuit
according to a third embodiment.

[0099] This circuit is a pipelining SARAD converter con-
figured by using the circuit of the first or second embodiment.
[0100] This circuit is provided with a preceding-stage cir-
cuit 51, a residue amplifying circuit 52, a subsequent-stage
circuit 53, and a latency adjusting circuit 54.

[0101] The preceding-stage circuit 51 has an error-correct-
ing function proposed in the first and second embodiments,
and is a successive-approximation A/D converter configured
to perform coarse A/D conversion (process higher-order nl
bits by the preceding-stage circuit if the resolution of this
circuit is N bits) on input signals. In addition, the preceding-
stage circuit 51 generates a residual signal according to an
input analog signal and a reference voltage, and outputs the
residual signal to the residue amplifying circuit 51. For
example, the preceding-stage circuit 51 generates a Vin-
V,./2 signal as the residual signal.

[0102] The residue amplifying circuit 51 amplifies and out-
puts the residual signal to the subsequent-stage circuit 53. By
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the amplification, the input range of the subsequent-stage
circuit 53 is adjusted to that of the preceding-stage circuit 51.
[0103] The subsequent-stage circuit 53 receives the ampli-
fied residual signal as the input thereof, and performs fine A/D
conversion (processes remaining lower-order n2 (=N-nl)
bits) on the input signal. The subsequent-stage circuit 53 is
also a successive approximation A/D conversion circuit hav-
ing the error-correcting function proposed in the first and
second embodiments.

[0104] The latency adjusting circuit 54 makes a timing
adjustment of A/D conversion results obtained by the preced-
ing-stage circuit 51 and the subsequent-stage circuit 53, and
output the results.

[0105] By pipelining A/D conversion processing as
described above, it is possible to achieve an effect of area
reduction and easily make a resolution higher, compared with
the first and second embodiments.

[0106] As has been described heretofore, according to the
present embodiment, a high-resolution A/D converter can be
designed with a reduced area by pipelining a circuit according
to the first or second embodiment. In addition, pipelining
enables performance to be improved easily, compared with
the configuration of the first or second embodiment.

[0107] FIG. 14 illustrates a radio receiver provided with a
SARAD conversion circuit according to the first, second or
third embodiment.

[0108] This radio receiver is provided with an antenna 61,
an LNA 62, a mixer 63, an analog baseband circuit 64, and a
SARAD conversion circuit 65.

[0109] A radio signal received by the antenna 61 is ampli-
fied by the LNA (Low Noise Amplifier) 62. The radio-fre-
quency signal amplified by the LNA 62 is down-converted to
abaseband signal by the mixer 63, and the baseband signal is
filter-processed by the analog baseband circuit 64, thereby
deriving a signal of a desired band. Then, the filtered analog
signal is converted to a digital signal by the SARAD conver-
sion circuit 65. The digital signal is demodulation-processed
by an unillustrated subsequent-stage circuit.

[0110] The present invention is not limited to the exact
embodiments described above and can be embodied with its
components modified in an implementation phase without
departing from the scope of the invention. Also, arbitrary
combinations of the components disclosed in the above-de-
scribed embodiments can form various inventions. For
example, some of the all components shown in the embodi-
ments may be omitted. Furthermore, components from dif-
ferent embodiments may be combined as appropriate.

1. A successive-approximation A/D converter, comprising:

a binary weighted capacitive D/A converter configured to
generate a residual signal for each of cycles assigned to
each bit of N bits on the basis of an analog input signal
and a reference voltage;

a first comparator configured to compare a residual signal
at a first time point within a cycle with a predetermined
voltage to acquire a first comparison result representa-
tive of a logical value;

a register configured to store the first comparison result
therein;

a second comparator configured to compare a residual
signal ata second time point later than the first time point
within the cycle with the predetermined voltage to
acquire a second comparison result representative of a
logical value;

an error determining circuit configured to generate an error
detection signal when the first comparison result differs
from the second comparison result; and
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an error-correcting circuit configured to invert, in a case
that the error detection signal has been generated, the
first comparison result from the register to output an
inverted first comparison result, and output, in a case that
the error detection signal has not been generated, the first
comparison result from the register, without inverting
the first comparison result.

2. The converter according to claim 1, wherein the error-
correcting circuit inverts the first comparison result acquired
at a cycle following the cycle at which the error detection
signal is generated.

3. The converter according to claim 1, further comprising
an amplifier configured to amplify the residual signal,
wherein the first comparator compares the residual signal
amplified by the amplifier with the predetermined voltage,
and the second comparator compares the residual signal
amplified by the amplifier with the predetermined voltage.

4. A pipelining successive-approximation A/D converter
comprising:

first and second successive-approximation A/D converters

according to claim 1;

a residue amplifying circuit; and

a latency adjusting circuit,

wherein

the first successive-approximation A/D converter out-
puts first comparison results corresponding to higher-
order nl bits of the N bits and generates a first residual
signal based on the analog input signal and the refer-
ence voltage,

the residue amplifying circuit amplifies the first residual
signal,

the second successive-approximation A/D converter
outputs first comparison results corresponding to
lower-order N-n1 bits of the N bits on the basis of the
reference voltage and the amplified first residual sig-
nal used as the analog input signal, and

the latency adjusting circuit combines the first comparison

results output from the first successive-approximation
A/D converter and the first comparison results output
from the second successive-approximation A/D con-
verter, to obtain A/D conversion data.

5. A radio receiver comprising:

an antenna configured to receive a radio signal;

an amplifier configured to amplify the radio signal received

by the antenna;
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a mixer configured to convert the radio signal amplified by
the amplifier to a baseband signal;

an analog baseband unit configured to filter-process the
baseband signal; and

a successive-approximation A/D converter or a pipelining
successive-approximation A/D converter according to
claim 1 to A/D-convert the filter-processed baseband
signal.

6. A radio receiver comprising:

an antenna configured to receive a radio signal;

an amplifier configured to amplify the radio signal received
by the antenna;

a mixer configured to convert the radio signal amplified by
the amplifier to a baseband signal;

an analog baseband unit configured to filter-process the
baseband signal; and

a successive-approximation A/D converter or a pipelining
successive-approximation A/D converter according to
claim 2 to A/D-convert the filter-processed baseband
signal.

7. A radio receiver comprising:

an antenna configured to receive a radio signal;

an amplifier configured to amplify the radio signal received
by the antenna;

a mixer configured to convert the radio signal amplified by
the amplifier to a baseband signal;

an analog baseband unit configured to filter-process the
baseband signal; and

a successive-approximation A/D converter or a pipelining
successive-approximation A/D converter according to
claim 3 to A/D-convert the filter-processed baseband
signal.

8. A radio receiver comprising:

an antenna configured to receive a radio signal;

an amplifier configured to amplify the radio signal received
by the antenna;

a mixer configured to convert the radio signal amplified by
the amplifier to a baseband signal;

an analog baseband unit configured to filter-process the
baseband signal; and

a successive-approximation A/D converter or a pipelining
successive-approximation A/D converter according to
claim 4 to A/D-convert the filter-processed baseband

signal.



