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(7) ABSTRACT

An A/D converter having folding circuits for being supplied
with analog signal pairs and reference voltage pairs and for
outputting folded differential current pairs; first comparators
for comparing the differential current pairs supplied from the
folding circuits and for outputting higher 3 bits of a Gray
code; sine wave generators for outputting 4-phase sine wave
pairs; a current interpolation circuit for interpolating the
4-phase sine wave pairs and outputting 32 sine wave pairs;
second comparators for comparing the sine wave pairs with
each other respectively; and a Gray code encoder for encod-
ing the outputs of the second comparators into lower 5 bits
of the Gray code. Thus, the A/D converter can be made high

in speed, lower in operating voltage, finer in density and
higher in integration.
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ANALOG-TO-DIGITAL CONVERTER

BACKGROUND OF THE INVENTION

[0001] The present invention relates to an analog-to-digi-
tal converter (A/D converter), and particularly relates to a
high-speed A/D converter which can operate at a low
voltage and which is reduced in circuit size (number of
circuit elements) and in power consumption. The A/D con-
verter according to the present invention is suitable to any
product for performing digital signal processing, particularly
to a product of a measuring instrument such as an FTT
analyzer, a digital oscilloscope, or the like.

[0002] As a conventional fastest A/D converter, there is
known a parallel-connected (flash) A/D converter. The cir-
cuitry of the A/D converter is formed by bit-resolution
comparators numbering 2 to some power. For example, if
the resolution is 8 bits, it is necessary to provide 256 (=2°)
comparators and dispose a digital encoder with a large
circuit quantity in the following stage of the comparators.

[0003] Therefore, in the conventional parallel-connected
A/D converter, the circuit quantity and the power consump-
tion become enormous, and the input capacitance also
increases so that the high-frequency properties deteriorate.
In a conventional circuit system used in the A/D converter,
there is often used a voltage-mode circuit which carries out
an operation in a voltage area. However, when the power
supply voltage is reduced as integrated circuits are made
finer, such a circuit system cannot deal with such a reduced
voltage.

[0004] On the contrary, a folding-interpolation A/D con-
verter has an advantage that the circuit quantity, the power
consumption and the input capacitance are smaller than
those of the parallel-connected A/D converter in spite of a
high-speed property substantially equal to that of the paral-
lel-connected A/D converter. As a prior art of such a
folding-interpolation A/D converter, there is, for example,
that which is disclosed in JP-A-8-149006.

SUMMARY OF THE INVENTION

[0005] As described above, the parallel-connected A/D
converter has a problem that the circuit quantity, the power
consumption and the input capacitance are large. On the
other hand, the folding/interpolation A/D converter is a
promising technique to solve such problems. However, most
of proposed ones use a bipolar transistor circuit. Therefore,
they cannot deal with a reduced power supply voltage, a
finer integrated circuit, and reduced power consumption,
satisfactorily.

[0006] Therefore, the present inventors made diligent
investigation about a high-speed A/D converter, and at last
developed a novel architecture of a high-speed A/D con-
verter using a CMOS transistor circuit.

[0007] That is, the present invention is an evolution of a
conventional folding/interpolation A/D converter. It is an
object of the present invention to provide an A/D converter
in which particularly an analog preprocessing circuit in an
input stage of the A/D converter is devised to improve the
A/D conversion properties, to make it possible to reduce a
power supply voltage, and to provide fine and high-density
integrated circuits.
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[0008] According to a first aspect of the present invention,
there is provided an A/D converter for converting an input
analog signal into a Gray code of higher m bits and lower n
bits, which comprises: m folding circuits for being supplied
with analog signal pairs and reference voltage pairs and for
outputting folded differential current pairs respectively; m
first comparators for comparing the differential current pairs
outputted by the folding circuits and for outputting the
higher m bits of the Gray code; a plurality of sine wave
generators for being supplied with the analog signal pairs
and the reference voltage pairs and for outputting multi-
phase sine wave pairs respectively; a current interpolation
circuit for interpolating the multi-phase sine wave pairs and
for outputting 2" sine wave pairs; 2" second comparators for
comparing the sine wave pairs and for outputting binary data
respectively; and a Gray code encoder for encoding the
binary data into a Gray code of lower n bits; wherein the
lower n bits of the Gray code are outputted from the Gray
code encoder.

[0009] According to such an A/D converter, it is possible
to reduce the total circuit quantity and the total power
consumption on a large scale while keeping a speed sub-
stantially equal to that of the conventional parallel-con-
nected A/D converter.

[0010] According to a second aspect of the present inven-
tion, in the above A/D converter according to the first aspect,
preferably, the A/D converter further comprises: a track hold
circuit for temporarily holding and outputting levels of the
analog signal pairs in accordance with a clock signal;
wherein the analog signal pairs are supplied, through the
track hold circuit, to the folding circuits and the sine wave
generators, the first and second comparators being operated
synchronously with the clock signal.

[0011] According to such an A/D converter according to
the second aspect, an A/D conversion error due to signal
delay can be prevented from occurring, so that it is possible
to improve the A/D conversion accuracy.

[0012] According to a third aspect of the present inven-
tion, in the above A/D converter according to the first and
second aspects of the invention, preferably, the A/D con-
verter further comprises: pre-amplifiers for amplifying
potential differences between the analog signal pairs and the
reference voltage pairs and for outputting differential volt-
age pairs respectively; wherein outputs of the pre-amplifiers
are supplied to the folding circuits.

[0013] According to such an A/D converter according to
the third aspect of the invention, it is possible to improve the
A/D conversion accuracy.

[0014] According to a fourth aspect of the invention, in the
above A/D converter according to the third aspect of the
invention, preferably, the folding circuits includes: differen-
tial MOS transistor pairs having gates supplied with the
differential voltage pairs respectively; a current source for
supplying a first current to the differential MOS transistor
pairs; and a current mirror circuit for supplying a second
current to a pair of current channels; wherein drains of the
differential MOS transistor pairs are cross-connected alter-
nately to the pair of current channels so that folded differ-
ential current pairs are outputted from ends of the pair of
current channels.

[0015] According to such an A/D converter, the voltage
can be reduced by the current-mode CMOS arrangement.
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[0016] According to a fifth aspect of the invention, there
is provided an A/D converter for outputting a digital signal
of m+n bits, which comprises: folding circuits for being
supplied with differential analog signals and for outputting
higher m bits of the digital signal respectively; sine wave
generators for being supplied with the differential analog
signals and for outputting lower n bits of the digital signal
respectively; and a current interpolation circuit for interpo-
lating outputs of the sine wave generators; the folding
circuits including: at least one differential MOS transistor
pair having gates supplied with differential voltage pairs
which are differences between the differential analog signals
and differential reference voltages, respectively; a current
source for supplying a first current to the differential MOS
transistor pairs; and a current mirror circuit for supplying a
second current to a pair of current channels; wherein drains
of the differential MOS transistor pairs are cross-connected
alternately to the pair of current channels so that folded
differential current pairs are outputted from ends of the pair
of current channels.

[0017] Tt is possible to reduce the total circuit quantity and
the total power consumption on a large scale while keeping
a speed substantially equal to that of the conventional
parallel-connected A/D converter. In addition, the voltage
can be reduced by the current-mode CMOS arrangement.

[0018] According to a sixth aspect of the invention, in the
A/D converter according to the fifth aspect, preferably, the
A/D converter further comprises a current comparator for
comparing the differential current pair and for outputting a
Gray-coded digital signal.

[0019] According to a seventh aspect of the invention, in
the A/D converter according to the sixth aspect of the
invention, preferably, an A/D converter for outputting a
digital signal of m+n bits, comprises: folding circuits for
being supplied with differential analog signals and for
outputting higher m bits of the digital signal respectively;
sine wave generators for being supplied with the differential
analog signals and for outputting lower n bits of the digital
signal respectively; and a current interpolation circuit for
interpolating outputs of the sine wave generators; the sine
wave generators including: a plurality of differential MOS
transistor pairs having gates supplied with differential volt-
age pairs which are differences between the differential
analog signals and differential reference voltages, respec-
tively; a current source for supplying a first current to the
differential MOS transistor pairs; and a current mirror circuit
for supplying a second current to a pair of current channels;
wherein drains of the differential MOS transistor pairs are
cross-connected alternately to the pair of current channels so
that sine wave currents are outputted from ends of the pair
of current channels.

[0020] According to such an A/D converter, it is possible
to reduce the total circuit quantity and the total power
consumption on a large scale while the voltage can be
reduced by the current-mode CMOS arrangement.

[0021] According to an eighth aspect of the invention, in
the A/D converter according to the seventh aspect of the
invention, preferably, the current interpolation circuit makes
current interpolation among a plurality of sine wave currents
the phases of which are shifted sequentially, and the current
interpolation circuit includes: current dividing means for
dividing the sine wave current into a plurality of currents in
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a predetermined ratio; and adding means for adding the
divided currents so as to make current interpolation among
the plurality of sine wave currents; wherein the sine wave
current is supplied directly to the current dividing means.

[0022] According to such an A/D converter, an interface
portion such as a conventional buffer circuit or the like can
be omitted.

[0023] According to a ninth aspect of the invention, in the
A/D converter according to the eighth aspect of the inven-
tion, preferably, the current dividing means is constituted by
a plurality of MOS transistors which are different in gate
width from each other and which are connected in parallel.

[0024] According to such an A/D converter, because the
current dividing ratio is determined by the gate widths of the
MOS transistors, it is possible to improve the interpolation
accuracy.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] FIG. 1 is a diagram showing functional blocks of
a folding/interpolation A/D converter according to an
embodiment of the present invention;

[0026] FIG. 2 is a detailed block diagram showing a
folding architecture according to the embodiment of the
present invention;

[0027] FIG. 3 is a detailed block diagram showing a
folding/interpolation architecture according to the embodi-
ment of the present invention;

[0028] FIGS. 4A and 4B are conceptual graphs for
explaining the relationship between differential analog input
signals Vinp/Vinm and differential reference voltages Vrefp/
Vrefm according to the embodiment of the present inven-
tion;

[0029] FIG. 5 is a chart showing reference voltages Vrefp
of respective circuits;

[0030] FIG. 6 is a waveform chart for explaining the
operation of the A/D converter according to the embodiment
of the present invention;

[0031] FIG. 7 is a waveform chart for explaining the
operation of the A/D converter according to the embodiment
of the present invention;

[0032] FIGS. 8A and 8B are diagrams showing the cir-
cuitry and the input/output property of pre-amplifiers 1a to
1/ respectively;

[0033] FIGS. 9A and 9B are graphs showing a variation
of a transconductance gm in accordance with how to take a
reference voltage in a pre-amplifier respectively;

[0034] FIG. 10 is a circuit diagram showing a folding
circuit 2a for G7,

[0035] FIGS. 11A to 11D are operating waveform charts
of the folding circuit 2a for G7 respectively;

[0036] FIG. 12 is a circuit diagram showing a folding
circuit 2b for G6;

[0037] FIGS. 13A to 13D are operating waveform charts
of the folding circuit 2b for G6 respectively;

[0038] FIG. 14 is a circuit diagram showing a folding
circuit 2¢ for G5;
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[0039] FIGS. 15A to 15D are operating waveform charts
of the folding circuit 2¢ for G5 respectively;

[0040] FIGS. 16A and 16B are diagrams showing the
circuitry and the input/output property of a sine wave
generator,

[0041] FIG. 17 is a operating waveform chart of a current
interpolation circuit; and

[0042] FIG. 18 is a waveform chart showing an example
of interpolation based on the current interpolation circuit.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

[0043] Next, an embodiment of the present invention will
be described in detail with reference to FIGS. 1 to 18. First,
description will be made about the outline of the architecture
of an A/D converter according to the present invention with
reference to FIG. 1. FIG. 1 is a functional block diagram of
a folding-interpolation A/D converter according to the
embodiment.

[0044] This A/D converter has 8-bit resolution, but, in the
A/D converter, different architectures are adopted between a
circuit for generating higher 3 bits of digital data and a
circuit for generating lower 5 bits of digital data. The circuit
for generating higher 3 bits has a folding architecture. The
circuit for generating lower 5 bits has an architecture in
which folding and interpolation are combined.

[0045] The folding architecture is constituted by pre-
amplifiers 1a to lc for amplifying potential differences
between differential analog input signals (Vinp/Vinm) and
differential reference voltages (Vrefp/Vrefn), 3 folding cir-
cuits 2a to 2¢ for outputting differential current pairs folded
by receiving the outputs of the pre-amplifiers 1a to 1¢, and
three comparators 3a to 3c for comparing the differential
current pairs and outputting higher 3 bits of a Gray code. The
comparators 3a to 3¢ are current comparators.

[0046] On the other hand, the folding/interpolation archi-
tecture corresponding to lower 5 bits is constituted by
pre-amplifiers 1d to 1g, sine wave generators 4a to 4d for
outputting 4-phase sine wave pairs the phases of which are
shifted by 45° sequentially in accordance with the outputs of
the pre-amplifiers 1d to 1g, a current interpolation circuit 5
for interpolating the 4-phase sine wave pairs and outputting
32 sine wave pairs the phases of which are shifted by 5.625°
sequentially, 32 comparators 6 for comparing the sine wave
pairs and outputting binary data, and a Gray code encoder 7
for encoding the binary data into an n-bit Gray code.
Incidentally, although the 4-phase sine wave pairs the phases
of which are shifted by 45° sequentially are generated in this
embodiment, the present invention is not limited thereto, but
may be designed so that, for example, two-phase sine wave
pairs the phases of which are shifted by 90° sequentially are
generated and interpolated. In this case, it will go well if two
sine wave generators are provided.

[0047] From the point of view of signal processing, the
architecture has an analog preprocessing circuit in the left
side and a digital circuit in the right side with respect to the
comparators 3@ to 3¢ and 6 which are aligned, as the
boundary near the center of FIG. 1. The analog preprocess-
ing circuit is the general term for the pre-amplifiers 1a to 1g,
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the folding circuits 2a to 2¢, the sine wave generators 4a to
4d, and the current interpolation circuit 5.

[0048] An analog signal which is a target for A/D con-
version is supplied as differential analog input signals (Vinp/
Vinm). The differential reference voltages (Vrefp/Vrefm) are
generated from connection nodes of 72 resistor strings 8.
The differential analog input signals (Vinp/Vinm) are ana-
log-encoded by the above-mentioned analog preprocessing
circuit, and thereafter digitized by the comparators 3a to 3¢
and 6.

[0049] Here, the outputs of the comparators 3a to 3¢ are
used directly as higher 3 bits (G7, G6 and GS5) of a Gray
code. Lower 5 bits are encoded into Gray code bits (G4 to
GO) by the Gray code encoder 7. The eight bits (G7 to G0)
of the Gray code are outputted through DFFs 9a to 94 at a
fixed timing.

[0050] Although the main portion of the architecture of the
A/D converter according to the embodiment is configured as
described above, an overflow/underflow detection bit (OU),
an error correction bit (ERRC) are also outputted in the
architecture. A circuit for overflow/underflow detection has
a configuration similar to the folding architecture for the
higher 3 bits. That is, the circuit is constituted by a pre-
amplifier 1/, a folding circuit 2d and a comparator 3d.

[0051] The differential analog input signals (Vinp/Vinm)
are sampled and held by a track hold circuit 10, and
thereafter applied to the pre-amplifiers 1a to 1g. The track
hold circuit 10 samples the differential analog input signals
(Vinp/Vinm), for example, in every period when a clock
signal clk is in an H-level. The track hold circuit 10 holds
and outputs the levels of the signals during the period.

[0052] The clock signal clk is supplied to the comparators
3a to 3d and 6 and the DFFs 9a to 9¢ in common so as to
synchronize the operations of those circuits. That is, the
comparators 3a to 3d perform a comparison operation in the
period when the clock signal clk is in the H-level. Conse-
quently, an A/D conversion error due to signal delay is
prevented from occurring, so that the A/D conversion accu-
racy can be improved.

[0053] Next, description will be made in more detail about
a block configuration of the above-mentioned A/D con-
verter, with reference to FIGS. 2 and 3. FIG. 2 is a detailed
block diagram showing a folding architecture for generating
higher 3 bits. On the other hand, FIG. 3 is a detailed block
diagram showing a folding/interpolation architecture for
generating lower 5 bits.

[0054] In FIG. 2, the pre-amplifiers 1la, 1b and 1c are
supplied not only with differential analog input signals
Vinp/Vinm in common but also with different differential
reference voltages Vrefp/Vrefm generated from the resistor
strings 8. The pre-amplifiers 14, 1b and 1c¢ include one, two
and four differential amplifiers, respectively. The pre-ampli-
fiers 1a, 1b and 1c output differential voltage pairs <srcpl,
sreml> to <srcp4, srcm4>. These differential voltage pairs
are supplied to the corresponding folding circuits 2a to 2c.
Then, the folding circuits 2a to 2¢ supply folded differential
current pairs <lop7, lom7>, <lop6, lom6> and <lop5, Iom5>
to the comparators 3a to 3¢, correspondingly and respec-
tively. Incidentally, only the reference voltages Vrefp (V36,
V20, V52, . . ) on the plus side are shown in FIG. 2 for the
sake of simplification.
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[0055] On the other hand, in FIG. 3, the pre-amplifiers 1d,
le, 1f and 1g are supplied not only with the differential
analog input signals Vinp/Vinm in common but also with
different differential reference voltages Vrefp/Vrefm gener-
ated from the resistor strings 8. Each of the pre-amplifiers 14
to 1g includes nine differential amplifiers.

[0056] Each of the pre-amplifiers 1d to 1g outputs ampli-
fied differential voltage pairs <srcpl, sreml> to <srcp9,
srcm9>. These differential voltage pairs are supplied to the
corresponding sine wave generators 4a to 4d in the next
stage. Then, the sine wave generators 4a to 4d output
4-phase sine wave pairs <Sinp0, Sinm0> to <Sinp3, Sinm3>,
respectively. These sine wave pairs are interpolated by the
current interpolation circuit 5 in the further next stage. Thus,
32-phase sine wave pairs the phases of which are shifted by
5.625° sequentially are generated. Then, the sine wave pairs
are binarized by the 32 comparators 6, and thereafter Gray-
coded (into G4 to GO) by the Gray code encoder 7.

[0057] FIGS. 4A and 4B are schematic graphs for
explaining the relationship between the differential analog
input signals Vinp/Vinm and the differential reference volt-
ages Vrefp/Vrefm in the above-mentioned configuration of
the A/D converter. As shown in FIG. 4A, it is desired that
the distance between a high voltage Vh and a low voltage V1
is divided equally by the resistor strings, and the reference
voltages Vrefp and Vrefm are located in points having the
same voltage difference from an intermediate voltage (Vh+
V1)/2 (which is a common voltage of the input signal)
between the voltages Vh and V1. When the reference volt-
ages Vrefp and Vrefm are set thus, the voltage difference
between Vinp and Vrefp always becomes equal to the
voltage difference between Vinm and Vrefm as shown in
FIG. 4B.

[0058] FIG. 5 is a chart showing the reference voltages
Vrefp for the respective circuits in the above-mentioned
configuration. The reference numerals in the drawing rep-
resent voltages corresponding to the respective numbers of
the connection nodes of the resistor strings. For example, in
the drawing, the reference numeral 36 represents an inter-
mediate voltage V36 (=(Vh+V1)/2). Here, the full scale is a
range of from Vp4 to Vp68. Vp4 and lower voltages are
called underflow, and Vp68 and higher voltages are called
overflow. Incidentally, though not shown in FIG. §, each of
the reference voltages Vrefm is expressed by the equation
Vrefm=Vp72-Vrefp.

[0059] Next, schematic description will be made about the
operation principle of the A/D converter in the above-
mentioned configuration with reference to FIGS. 6 and 7. In
FIG. 6, only a single input Vinp is shown as an input voltage
Vin for the sake of simplification. In accordance with the
input voltage Vin, the folding circuits 1a, 15 and 1c output
currents lop7, Iop6 and Iop5 folded in positions of respec-
tive reference voltages as illustrated in the drawing, respec-
tively. (Minus-side currents Iom7, Iomé and Iom5 are not
shown.) Therefore, when the respective currents are com-
pared, digital data (000), (001), (011), (010), (110), (111),
(101) or (100) is obtained in accordance with the input
voltage Vin. This digital data forms higher 3 bits of the Gray
code as it is.

[0060] On the other hand, the sine wave generators 4a to
4d output 4-phase sine waves Sinp0 to Sinp3 in accordance
with the input voltage Vin. (Minus-side sine waves Sinm0 to
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Sinm3 are not shown.) Then, the current interpolation circuit
5 outputs 32 sine waves obtained by dividing each of the
4-phase sine waves Sinp( to Sinp3 into 8 sine waves. In
FIG. 6, an example of interpolation between the sine waves
Sinp0 and Sinpl is illustrated.

[0061] When the 32 sine wave pairs are compared by the
comparators 6, cycle codes VO to V31 are obtained as shown
in FIG. 7. Then, the cycle codes VO to V31 are encoded by
the Gray code encoder 7. Thus, lower 5 bits (G4 to GO) of
the Gray code are obtained as illustrated in the drawing.

[0062] Next, detailed description will be made about spe-
cific circuitry and operation of each of the circuits in the
above-mentioned configuration by way of example.

[0063] (1) Pre-Amplifier

[0064] FIGS. 8A and 8B are diagrams showing the cir-
cuitry and input/output properties of each of the pre-ampli-
fiers 1a to 14. As shown in FIG. 8A, the differential analog
input signals Vinp/Vinm are paired with the differential
reference voltages Vrefp/Vrefm and supplied to the gates of
differential MOS transistor pairs (M11, M12) and (M13,
M14) respectively. The differential MOS transistor pairs
(M11, M12) and (M13, M14) output a differential voltage
pair <scrp, scrm>. The differential voltage pair <scrp, scrm>
are supplied to each of the folding circuits 2a to 24 and the
sine wave generators 4a to 44 in the next stage. Incidentally,
in FIG. 8A, ipl, im1, ip2, im2, Im and Ip designate currents
flowing in the MOS transistors M11, M12, M13, M14, M15
and M16 respectively. Those currents have relations of
Im=im1+im2 and Ip=ip1l+ip2. FIG. 8B is a graph showing
the input/output properties of the circuit shown in FIG. 8A.
The position where the differential voltage pair <scrp, scrm>
cross each other can be changed by changing the differential
reference voltages Vrefp/Vrefm.

[0065] Here, it is desired that the reference voltages Vrefp/
Vrefm are set to take values satisfying the following Expres-
sion 1, as has been already described above.

(Vrefp+Viefm)2=(Vinp+Vinm)/2

[0066] FIGS. 9A and 9B are charts showing a variation of
a transconductance gm in accordance with the way to take
a reference voltage in the pre-amplifiers respectively. FIG.
9A shows the case that Expression 1 is satisfied, while FIG.
9B shows the case that Expression 1 is not satisfied. As is
apparent from these drawings, it is understood that the value
of the transconductance gm in the case where Expression 1
is not satisfied becomes smaller than that in the case that
Expression 1 is satisfied.

[0067] (2) Folding circuit

[0068] The folding circuits 2a, 2b and 2c¢ are analog
encoders for generating higher 3 bits (G7, G6 and GS5).
There are used three kinds of folding circuits, that is, the
folding circuit 2a for G7, the folding circuit 2b for G6é and
the folding circuit 2¢ for GS.

[0069] FIG. 10 is a circuit diagram showing the folding
circuit 2a for G7. This circuit is constituted by three blocks
of a PMOS current mirror circuit (M1), a PMOS buffer (M2)
and an NMOS differential transistor pair (M3). The current
mirror circuit (M1) supplies a current Ib to lines vddp and
vddm which are current channels. A differential voltage pair
<scrpl, scrml> outputted from the pre-amplifier la are

(Expression 1)



US 2001/0040522 Al

applied to the differential transistor pair (M3). In addition, a
current source la is connected to the differential transistor
pair (M3). The currents Im and Ip flowing in the differential
transistor pair (M3) are extracted from the currents in the
lines vddp and vddm so that a differential current pair <lop7,
Iom7> are outputted from the ends of the lines vddp and
vddm.

[0070] FIGS. 11A to 11D are operating waveform charts
of the folding circuit 2a. Since the differential transistor pair
(M3) are cross-connected to the lines vddp and vddm, the
current difference between the currents Ip and Im and the
current difference between the currents lop7 and Iom7 are
always equal to Ia. As shown in FIG. 11C, the differential
current pair <lop7, Iom7> have such an input/output prop-
erty that the pair <lop7, Iom7> are folded in the position of
a reference voltage (in the position of the intermediate
voltage V36 in this case). When the differential current pair
<lop7, lom7> are binarized by the comparator 3a, the
binarized data has an input/output property shown in FIG.
11D and forms digital data for the most significant bit (G7)
as it is.

[0071] In addition, the folding circuit 2a operates in a
current mode so that it does not need a large voltage
amplitude. Therefore, the folding circuit 24 is advantageous
to a reduced voltage. Likewise, this applies to all of the
circuits which will be described below.

[0072] FIG. 12 is a circuit diagram showing the folding
circuit 2 for G6. This circuit is constituted by three blocks
of a current mirror circuit (M4), a PMOS buffer (M5) and
NMOS differential transistor pairs (M6). Differential voltage
pairs <scrpl, scrm1>, <scrp2, scrm2> and <Vss, Vdd> are
applied to the three differential transistor pairs (M6). Inci-
dentally, Vss designates a ground voltage, and Vdd desig-
nates a power supply voltage. The differential transistor
pairs are cross-connected alternately to lines vddp and
vddm. Here, the differential transistor pair to which the
differential voltage pair <Vss, Vdd> are applied are provided
to make a current of not lower than Ia always flow to be one
of a current pair <Ip, Im>. Without such a differential
transistor pair, the current pair <Ip, Im> could not form a
differential signal.

[0073] FIGS. 13A to 13D are operating waveform charts
of the folding circuit 2b. Since the differential transistor
pairs are cross-connected, currents in a range of from Ia to
2[a flow as the current pair <Ip, Im>. Then, a differential
current pair <lop6, Iom6> have such an input/output prop-
erty that the pair <Iop6, lomé> are folded in the positions of
two reference voltages (V20 and V52). When the differential
current pair <lop6, Iom6> are binarized by the comparator
3b, the binarized data has an input/output property shown in
FIG. 13D and forms digital data for a bit (G6) next to the
most significant bit (G7) as it is.

[0074] FIG. 14 is a circuit diagram showing the folding
circuit 2¢ for G5. This circuit is constituted by three blocks
of a current mirror circuit (M7), a PMOS buffer (M8) and
NMOS differential transistor pairs (M9). Differential voltage
pairs <scrpl, scrm1> to <scrp4, scrm4> and <Vss, Vdd> are
applied to the five differential transistor pairs (M9).

[0075] FIGS. 15A to 15D are operating waveform charts
of the folding circuit 2¢. A differential current pair <lop5,
IomS> have such an input/output property that the pair
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<lop$5, Iom5> are folded in the positions of four reference
voltages. When the differential current pair <lop5, Iom5>
are binarized by the comparator 3¢, the binarized data has an
input/output property shown in FIG. 15D and forms digital
data for a bit (G5) next to the bit (G6) as it is. In addition,
it is understood from FIG. 15C that all the maximum output
current differences take the value of Ia. That is, the maxi-
mum current differences can be increased if the value of the
current source la for the differential transistor pairs is
increased. Thus, the load on the comparator 3a can be
reduced. In addition, the current Ib becomes a factor to
define the speed of the circuit. If the current Ib is increased,
the circuit speed is increased. This applies to the other
folding circuits 2@ and 2b.

[0076] (3) Sine Wave Generator

[0077] The sine wave generators 4a to 4d are analog
encoders for generating lower bits. FIGS. 16A and 16B are
a diagram and a chart showing a sine wave generator. With
reference to the circuit diagram of FIG. 16A, the sine wave
generator has, basically, a configuration similar to that of a
folding circuit. That is, the sine wave generator is constituted
by a current mirror circuit (M10) and NMOS differential
transistor pairs (M11). Differential voltage pairs <scrpl,
scrml> to <scrp9, scrm9> are applied to the 9 differential
transistor pairs (M11) respectively. In addition, the 9 differ-
ential transistor pairs are cross-connected alternately to lines
vddp and vddm which are current channels. Thus, a sine
wave current pair <Isinp, Isinm> are outputted from the ends
of the lines vddp and vddm.

[0078] FIG. 16B is an operating waveform chart showing
the input/output property (of Isin relative to Vin), having a
zero-crossing point in the position of each reference voltage.
Because the waveform looks like a sine wave due to such a
property, the circuit is referred to as a sine wave generator.
In the same manner, 4-phase sine wave pairs <Isinp0,
Isinm0> to <Isinp3, Isinm3> the phases of which are shifted
by 45° sequentially can be generated by four circuits which
are similar to one another but have different reference
voltages.

[0079] (4) Current Interpolation Circuit

[0080] The current interpolation circuit is a circuit for
interpolating the above-mentioned 4-phase sine waves with
a current so as to generate 32-phase sine wave current pairs.
FIG. 17 is a circuit diagram of the current interpolation
circuit. For example, the two sine waves Isinp0 and Isinpl
outputted from the sine wave generators and shifted in phase
by 45° sequentially are supplied as input currents 36Ia and
36Ib in FIG. 17. That is, it is characteristic that the outputs
of the sine wave generators are connected directly to the
inputs of the current interpolation circuit. Thus, any inter-
face such as a buffer circuit is omitted in this configuration.

[0081] In FIG. 17, the input currents 36Ia and 36Ib are
supplied to the sources of two parallel-connected MOS
transistor groups M12 and M13 respectively. Numbers writ-
ten in the vicinity of the respective MOS transistors desig-
nate relative magnitudes of gate widths of the transistors.
Therefore, the input currents 36Ia and 36Ib are divided in
accordance with the ratios of the gate widths of the MOS
transistors respectively. That is, the input current 36la is
divided into eight stages 1la to 8Ia, and the input current
36Ib is divided into eight stages 1Ib to 8Ib. Because the gate
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widths of the MOS transistors can be machined with a high
accuracy by a MOS process, there is an advantage that the
current division ratios can be determined with precision.

[0082] Then, the first group of the divided currents 11a to
71a are added to the second group of the divided currents 1Ib
to 7Ib so that eight interpolated current signals 8la, 7la+Ib,
6Ia+2Ib, . . . can be obtained. Other sine waves are inter-
polated similarly. Thus, 32 sine wave pairs can be obtained.
FIG. 18 is a waveform graph showing an example of such
interpolation.

[0083] Incidentally, although the ratio of the gate widths of
the respective MOS transistors is set to be 1:2:3:4:5:6:7:8 in
the above-mentioned interpolation example, another ratio
different from the above ratio may be set in consideration to
the nonlinear property of sine waves. The sine wave pairs
generated thus are binarized by the comparators 6, and
further encoded by the Gray code encoder. Thus, lower 5 bits
(G4 to GO) are generated.

[0084] (5) Comparator

[0085] Each of the comparators 3a to 3d and 6 is a circuit
for comparing input currents. If a plus-side input current is
larger than a minus-side input current, the comparator out-
puts a digital signal 1. On the other hand, if the plus-side
input current is smaller than the minus-side input current, the
comparator outputs a digital signal 0. Since a known cir-
cuitry may be used, its description is omitted here.

[0086] (6) Gray Code Encoder

[0087] The Gray code encoder is a circuit for encoding the
32-phase outputs from the current interpolation circuit into
a Gray code by use of Exclusive OR circuits which will be
described later. That is, the following operations are given to
the cycle code outputs VO to V31 of the comparators shown
in FIG. 7 so as to convert the outputs VO to V31 into a Gray

code.
[0088] G4=V28
[0089] G3=V4*V20
[0090] G2=V0*V8*V16*V24
[0091] G1=V2*V6*V10*V14*V18*V22*V26*V30
[0092] GO=V1*V3*V5*V7*V9*V11*V13*V15

*V17*¥V19¥V21*V23*V25*V27*V29* V31
[0093] ERRC=V12
[0094] wherein the symbol * designates Exclusive OR.
[0095] The present invention has main effects as follows.

[0096] By adopting a folding/interpolation architecture as
an analog preprocessing circuit in an input stage of an A/D
converter, the total circuit quantity and the total power
consumption can be reduced on a large scale while keeping
a speed equal to that in a conventional parallel-connected
A/D converter. For example, in the case of 8-bit resolution,
about 40 comparators are required (while 256 comparators
are required in the parallel-connected type). In addition,
since a current interpolation circuit is used for lower bits, a
digital encoder is reduced in size on a large scale. As a result,
both the circuit quantity and the power consumption of the
A/D converter according to the present invention as a whole
are reduced to about ¥4 in comparison with the conventional
parallel-connected A/D converter.
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[0097] Further, since CMOS analog preprocessing circuits
(folding circuits, sine wave generators, and a current inter-
polation circuit) operating in a current mode are introduced,
a low voltage operation can be carried out. In addition, the
A/D converter according to the present invention can be
provided by an integrated circuit of fine CMOS transistors.
According to circuit simulation, it was proved that the A/D
converter according to the present invention could be oper-
ated with power supply voltage of 3V.

[0098] Furthermore, the sine wave generators and the
current interpolation circuit are constituted by CMOS while
the outputs of the sine wave generators are connected
directly to the inputs of the current interpolation circuit.
Accordingly, the circuitry is simplified while a high-speed
operation can be carried out.

What is claimed is:

1. An A/D converter for converting an input analog signal
into a Gray code of higher m bits and lower n bits, com-
prising:

m folding circuits for being supplied with differential
analog signal pairs and differential reference voltage
pairs and for outputting folded differential current pairs
respectively;

m first comparators for comparing said differential current
pairs outputted by said folding circuits and for output-
ting said higher m bits of said Gray code;

a plurality of sine wave generators for being supplied with
said differential analog signal pairs and said differential
reference voltage pairs and for outputting multi-phase
sine wave pairs respectively;

a current interpolation circuit for interpolating said multi-
phase sine wave pairs and for outputting 2" sine wave
pairs;

2" second comparators for comparing said sine wave pairs
and for outputting binary data respectively; and

a Gray code encoder for encoding said binary data into a
Gray code of lower n bits;

wherein said lower n bits of said Gray code are outputted
from said Gray code encoder.
2. An A/D converter according to claim 1, further com-
prising:

a track hold circuit for temporarily holding and outputting
levels of said differential analog signal pairs in accor-
dance with a clock signal;

wherein said analog signal pairs are supplied, through

said track hold circuit, to said folding circuits and said

sine wave generators, said first and second comparators

being operated synchronously with said clock signal.

3. An A/D converter according to claim 2, further com-
prising:

pre-amplifiers for amplifying potential differences
between said analog signal pairs and said reference
voltage pairs and for outputting differential voltage
pairs respectively;

wherein outputs of said pre-amplifiers are supplied to said
folding circuits.
4. An A/D converter according to claim 3, said folding
circuits including:
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differential MOS transistor pairs having gates supplied
with said differential voltage pairs respectively;

a current source for supplying a first current to said
differential MOS transistor pairs; and

a current mirror circuit for supplying a second current to
a pair of current channels;

wherein drains of said differential MOS transistor pairs
are cross-connected alternately to said pair of current
channels so that folded differential current pairs are
outputted from ends of said pair of current channels.
5. An A/D converter according to claim 1, further com-
prising:

pre-amplifiers for amplifying potential differences
between said analog signal pairs and said reference
voltage pairs and for outputting differential voltage
pairs respectively;

wherein outputs of said pre-amplifiers are supplied to said
folding circuits.
6. An A/D converter according to claim 5, said folding
circuits including:

differential MOS transistor pairs having gates supplied
with said differential voltage pairs respectively;

a current source for supplying a first current to said
differential MOS transistor pairs; and

a current mirror circuit for supplying a second current to
a pair of current channels;

wherein drains of said differential MOS transistor pairs
are cross-connected alternately to said pair of current
channels so that folded differential current pairs are
outputted from ends of said pair of current channels.
7. An A/D converter for outputting a digital signal of m+n
bits, comprising:

folding circuits for being supplied with differential analog
signals and for outputting higher m bits of said digital
signal respectively;

sine wave generators for being supplied with said differ-
ential analog signals and for outputting lower n bits of
said digital signal respectively; and

a current interpolation circuit for interpolating outputs of
said sine wave generators;

said folding circuits including:

at least one differential MOS transistor pair having
gates supplied with differential voltage pairs which
are differences between said differential analog sig-
nals and differential reference voltages, respectively;

a current source for supplying a first current to said
differential MOS transistor pairs; and
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a current mirror circuit for supplying a second current
to a pair of current channels;

wherein drains of said differential MOS transistor pairs

are cross-connected alternately to said pair of current

channels so that folded differential current pairs are

outputted from ends of said pair of current channels.

8. An A/D converter according to claim 7, further com-

prising a current comparator for comparing said differential

current pair and for outputting a Gray-coded digital signal.

9. An A/D converter for outputting a digital signal of m+n
bits, comprising:

folding circuits for being supplied with differential analog
signals and for outputting higher m bits of said digital
signal respectively;

sine wave generators for being supplied with said differ-
ential analog signals and for outputting lower n bits of
said digital signal respectively; and

a current interpolation circuit for interpolating outputs of
said sine wave generators;

said sine wave generators including:

a plurality of differential MOS transistor pairs having
gates supplied with differential voltage pairs which
are differences between said differential analog sig-
nals and differential reference voltages, respectively;

a current source for supplying a first current to said
differential MOS transistor pairs; and

a current mirror circuit for supplying a second current
to a pair of current channels;

wherein drains of said differential MOS transistor pairs
are cross-connected alternately to said pair of current
channels so that sine wave currents are outputted
from ends of said pair of current channels.

10. An A/D converter according to claim 9, wherein said
current interpolation circuit makes current interpolation
among a plurality of sine wave currents the phases of which
are shifted sequentially, and said current interpolation circuit
includes:

current dividing means for dividing said sine wave current
into a plurality of currents in a predetermined ratio; and

adding means for adding said divided currents so as to
make current interpolation among said plurality of sine
wave currents;

wherein said sine wave current is supplied directly to said

current dividing means.

11. An A/D converter according to claim 10, wherein said
current dividing means is constituted by a plurality of MOS
transistors which are different in gate width from each other
and which are connected in parallel.
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