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(7) ABSTRACT

An interpolation circuit for generating interpolation and
extrapolation differential voltages to a first and second
differential input voltages, comprises a first and second
differential amplifiers for inputting the first and second
differential input voltages, respectively, and for generating a
differential output voltage respectively between their
inverted output terminal and their respective non-inverted
terminal. The interpolation circuit further comprises a first
voltage dividing element array disposed between the non-
inverted output terminals of the first and second differential
amplifiers, and a second voltage dividing element array
disposed between the inverted output terminals of the first
and second differential amplifiers, so that the interpolation
differential voltages are generated from nodes in the first
voltage dividing element array and nodes in the second
voltage dividing element array. The interpolation circuit
further comprises a third voltage dividing element array
disposed between the inverted output terminal of the first
differential amplifier and the non-inverted output terminal of
the second differential amplifier, so that at least a pair of
extrapolation differential voltages are generated from nodes
in the third voltage dividing element array.
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2(vVb+5Vc)/3 = Vdb
Vb+4Vc =Va =Vd5
Vb+3Ve = Vd4
Vb+2Ve = Vd3
Vb+Ve = Vd2

Vb = Vdi

2(Vb -Vc¢)/3 = Vdo

*Va = Vin _zvrcf

NT1,2,3: RESISTOR ELEMENTS ARRAY " Y2 = Vin Vi

-Ve =(Va-Vb) / 4= V4
*Resistances are all R.
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FIG. 3
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A.B: DIFFERENTIAL AMPLIFIER
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NT1,23: VOLTAGE DIVIDING ELEMENT ARRAY
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FIG. 4

2(Vb+5Vc)/3 = Vd6

Vb+4Ve =Va =Vd5

Vb+3Vc = Vd4

Vb+2Ve = Vd3

Vb+Ve = Vd2

Vb = Vdi

2(Vb -Vc)/3 = Vdo

AB: DIFFERENTIAL AMPLIFIER "Va=V, -2V .

NT1,2,3: RESISTOR ELEMENTS ARRAY VP = ViV,
Ve =(Va-Vb) / 4= ~V, /4

*Resistances are all R,

FIG. 5

INPUT/OUTPUT CHARACTERISTIC
OF INTERPOLATION CIRCUIT
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NT3 NT1 NT2 &

£ 2(Vb+5Ve)/3

% §>§-Vb+4vc:Va

............................................... a =V, -2V,
AB: DIFFERENTIAL AMPLIFIER Vb=V -V

NT1,2,3: RESISTORELEMENTS ARRAY .y = (v - '\"‘,fb) J4=—V /4

. ref
20: COMPARATOR ARRAY *Resistances are all R.
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FIG. 7
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AB: DIFFERENTIAL AMPLIFIER
NT1,256: VOLTAGE DIVIDING ELEMENT ARRAY
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v. N5 NT8 NTINT2
: 2(Vb+5Vc)/3 = Vdb
AR
A Vb+4Vc =Va = Vd5
2Vref AN —
3 Vb+3Vc = Vd4
2R Vb+2Ve = Vd3
n20~—"
022~ Vb+Ve = Vd2
BP
B> Vb = Vd1
V., BN
! N 2(Vb — Vc)/3 = Vd0

A B - .Va — vln _zvrcf
B: DIFFERENTIAL AMPLIFIER _yyp _ "y

NT1,2,56: RESISTOR ELEMENTS ARRAY Ve = (Va-Vb) / 4= -V /4

ref
- All resistors without

indication are R.

FIG. 9
INPUT/OUTPUT CHARACTERISTIC
OF INTERPOLATION CIRCUIT
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4 BP Vref 2V
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20

£ 2(Vb+5Ve)/3

Vb+4Vc = Va

> Vb+3Vc
>— Vb+2Vc
>— Vb+Ve
>- 2(Vb ~Vc)/3

A.B: DIFFERENTIAL AMPLIFIER
NT1,2,5,6: RESISTOR ELEMENTS ARRAY
20: COMPARATOR ARRAY

Va=V, -2V .
Vb = V Vref
Ve = (Va -Vb) / 4=-V /4
*All resistors without
indication are R.
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FIG. 11

...................

AB: DIFFERENTIAL AMPLIFIER
NT7,8,9,10: VOLTAGE DIVIDING ELEMENT ARRAY
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FIG. 12

NT7 NT9 NT10 NT8
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n31— 2(Vb+Vc)/3 = Vd2
13T %
n30—1 i 1% %__: 2Vb/3 = Vd1
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Vb = Vin —Vref
AB: DIFFERENTIAL AMPLIFIER ‘Ve=(Va-Vb)/ 4=-V_./ 4

ref

NT7,8,9,10: RESISTOR ELEMENTS ARRAY - All resistors without indication

are R.
FIG. 13

INPUT/OUTPUT CHARACTERISTIC
OF INTERPOLATION CIRCUIT
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FIG. 14

V.

n

NT7NTONTIONT8 §
AP HETE {THETE T (Vb+5Ve)/3
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E | eI
2ilizl 1F1L 1 2(vb+3Ve)/3
HHURE 22
FiliF iR i1 20Vb+2Ve)/3
5 T[T 2(Vb+Vc)/3
L L] fei] >
% F i 2vb/3
B BP R EE (Vb—Ve)/3
BN G L i

Vref

'Va = Vin -zvref
AB:DIFFERENTIAL AMPLIFIER .y —\/" _y
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20: COMPARATOR ARRAY

ref

= All resistors without
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FIG. 15

NT3 NT7 NT8

A.B: DIFFERENTIAL AMPLIFIER
NT3,7.8,9,10: VOLTAGE DIVIDING ELEMENT ARRAY
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FIG. 16
Vin NT9.10
NT3NT? [ NT8
AP: ti
* A £ m— - 2(Vb+5Vc)/3 =Vd6
v, Nz |
24 ; 2(Vb+4Vc)/3 = 2Va/3
= Vd5
n33 2(Vb+3Ve)/3 =Vd4
n51
n32 2(Vb+2Ve)/3 =Vd3
n31 — 2(Vb+Vc)/3 = Vd2
n50—":
N30 2Vb/3 = Vdi
BP:
By 2(Vb - Ve)/3 = Vdo
V.. BN
AB:DIFFERENTIAL AMPLIFIER "V~ Vin 2V
NT3,7,8,9,10: RESISTOR ELEMENTS ARRAY VP = Vin Vi

*Ve=(Va-Vb)/ 4= -V, /4
All resistors without
indication are R.

FIG. 17

INPUT/OUTPUT CHARACTERISTIC
OF INTERPOLATION CIRCUIT
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FIG. 18

Vin
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20: COMPARATOR ARRAY - All resistors without
indication are R.
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FIG. 21
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U.S. Patent Apr. 13, 2004 Sheet 18 of 20 US 6,720,901 B2

FIG. 22
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=All resistors without
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FIG. 24
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INTERPOLATION CIRCUIT HAVING A
CONVERSION ERROR CONNECTION
RANGE FOR HIGHER-ORDER BITS AND
A/D CONVERSION CIRCUIT UTILIZING
THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is based upon and claims the benefit of
priority from the prior Japanese Patent Application No.
2002-164829, filed on Jun. 5, 2002, the entire contents of
which are incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to an interpolation
circuit having a conversion error correction range for higher-
order bits and an A/D conversion circuit utilizing the inter-
polation circuit, and more particularly to an interpolation
circuit that can be realized in a reduced circuit scale, that can
be arranged in a multi-stage configuration and that can
equalize the common level of the interpolation circuit
output, and to an A/D conversion circuit utilizing the inter-
polation circuit.

2. Description of the Related Art

With the popularization of the digital signal processing
technology in recent years, lower power consumption and
higher precision have been demanded of A/D conversion
circuits that convert analogue signals into digital signals. As
an A/D conversion circuit that meets these demands, series-
parallel-type A/D conversion circuits utilizing interpolation
circuits have been proposed.

FIG. 1 is a circuit diagram illustrating a conventional
interpolation-type A/D conversion circuit. This A/D conver-
sion circuit has a reference voltage generation circuit 1 for
generating finely divided reference voltages V0 to V8 con-
sisting of voltage dividing elements connected in series
between reference power sources VRB and VRT, a differ-
ential amplifier array 2 for amplifying respectively the
differential voltages between the reference voltages VO to
V8 and an analogue input voltage VIN, switches 3, a
higher-order comparator array 4 for comparing differential
outputs of each of differential amplifiers and for outputting
a positive or a negative output and a higher-order encoder 7
for generating a three (3)-bit digital output by encoding an
output of the higher-order comparator 4.

Assuming that the input voltage VIN is positioned
between reference voltages V3 and V4, since VIN-V3>0 and
VIN-V4<0, comparators corresponding to the reference
voltages respectively outputs a positive output and a nega-
tive output so that a higher-order three (3)-bit digital value
is detected. That is, where the input voltage VIN is posi-
tioned among the reference voltages VO to V8 is detected by
the higher-order comparator array 4 and the result is con-
verted into a three (3)-bit digital value by the encoder 7. A
switch in the switches 3 is controlled in response to this
higher-order digital value, and the outputs from differential
amplifiers connected to the reference voltages V3 and V4
respectively are supplied through switches 3 to a pair of
differential amplifiers 5 and 6 in the next stage.

From the differential outputs of the differential amplifiers
5 and 6, a plurality of discrete differential voltages between
the differential outputs of the differential amplifiers 5 and 6
are further generated by an interpolation circuit consisting of
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2

a voltage dividing element array 8 between the inverted
outputs AN and BN of the amplifiers § and 6 and a voltage
dividing element array 9 between the non-inverted outputs
AP and BP of the amplifiers 5 and 6. The discrete differential
voltages V13-V17, V23-V27 are supplied respectively to
the lower-order comparator arrays 10, 11 and 12. That is,
these interpolated differential voltages are input into the
lower-order comparator arrays. Then, a lower-order encoder
13 outputs a lower-order two (2)-bit digital value from the
outputs of the comparator arrays 10, 11 and 12. A summation
circuit 14 sums the higher-order three (3)-bit digital value
and the lower-order two (2)-bit digital value and outputs the
sum.

FIG. 2 illustrates the principle of the operation of the A/D
converter shown in FIG. 1. The axis of abscissas represent-
ing the input voltage VIN shows the relation between the
input voltage VIN and the reference voltages VO to V8. The
position of the input voltage VIN for the three higher-order
bits is detected according to whether the each output (VIN-
V1) to (VIN-V7) of the differential amplifier array 2 is
positive or negative when the amplification factor of the
array 2 is assumed to be 1. In this case, since the analogue
input voltage VIN is between the reference voltages V3 and
V4, the position of the input voltage VIN can be detected
from VIN-V3>0 (the arrow pointing upward) and VIN-
V4<0 (the arrow pointing downward) Furthermore, VIN-V3
and VIN-V4 are supplied respectively to the lower-order
differential amplifiers 5 and 6 and are amplified by a factor
of m when the amplification factor of the amplifiers 5 and 6
is assumed to be m.

Then, the discrete differential voltages V26-V16,
V25-V15 and V24-V14 between those amplified differen-
tial voltages (VIN-V3)xm and (VIN-V4)xm are generated
by the voltage dividing element arrays 8 and 9 and are
supplied to the lower-order comparator array 10. Since the
border between positive outputs and negative outputs of the
comparator array 10 is the level of the input voltage VIN at
this moment, two (2) lower-order bits can be detected from
the outputs of the comparator array 10.

As apparent from the above description, the interpolation
voltages dividing the voltage between the differential out-
puts of the pair of differential amplifiers 5 and 6 can be
generated by the circuit networks of the voltage dividing
element arrays 8 and 9. Therefore, these circuit networks can
be deemed to be interpolation circuits. Then, those interpo-
lation voltages are compared in the comparator arrays 10, 11
and 12 and a lower-order two (2)-bit digital value can be
detected using the result of the comparison. A circuit con-
stituted by adding the comparator array to the interpolation
circuit can be deemed to be an A/D conversion circuit. These
are the definition of the interpolation circuit and the A/D
conversion circuit.

If the outputs of the lower-order comparator arrays 10, 11
and 12 shown in FIG. 1 are all positive or negative even
when the input voltage VIN is between the reference volt-
ages V3 and V4, this means that some conversion error has
occurred in detecting the three higher-order bits. Then, in an
interpolation-type A/D conversion circuit, extrapolation
ranges between the reference voltages V2 and V3, and V4
and V5 are provided as conversion ranges for correction in
addition to the interpolation range between the reference
voltage V3 and V4 in the interpolation circuit, so that, when
an error has occurred in a higher-order A/D conversion, the
error can be corrected by a lower-order A/D conversion
circuit.

Such a proposal is described in, for example, Japanese
Patent Application Laid-open (Kokai) No. H04-259372
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(published on Sep. 29, 1992) and Japanese Patent Applica-
tion Laid-open (Kokai) No. H04-303537 (published on Nov.
13, 1992). In the A/D conversion circuit proposed in the
former application, four (4) differential amplifiers are added
in addition to a pair of differential amplifiers. Then, the
outputs of those amplifiers are connected to an interpolation
circuit consisting of a circuit network and an extrapolation
circuit, and an interpolation differential voltage generated by
the interpolation circuit and an extrapolation differential
voltage generated by the extrapolation circuit are input into
a lower-order comparator. Therefore, three higher-order
LSB can be corrected. That is, by generating extrapolation
differential voltages outside a range between differential
voltages (VIN-V3)xm and (VIN-V4)xm in addition to inter-
polation differential voltages between the differential volt-
ages (VIN-V3)xm and (VIN-V4)xm using the two (2)
lower-order bits shown in FIG. 2, higher-order bits can be
corrected. However, this A/D conversion circuit needs to be
added with the differential amplifiers 5,6 and has a problem
that the circuit scale becomes large.

On the other hand, in the A/D conversion circuit proposed
in the latter application, it is not necessary to add any
differential amplifiers. However, by providing a circuit net-
work between the non-inverted output AP and the inverted
output AN of one differential amplifier of the pair of
differential amplifiers, and between the non-converted out-
put BP and the inverted output BN of the other differential
amplifier, an interpolation voltage and an extrapolation
voltage are generated. Therefore, dispersion of the common
level of those differential voltages is large and the compara-
tors employing these interpolation differential voltages and
extrapolation differential voltages as inputs has a problem
that it is necessary to design the range of the guaranteed
input common level to be wide.

Furthermore, in the conventional examples described
above, a multi-stage configurated interpolation circuit or
A/D conversion circuit that further detects lower-order bits
after detecting two (2) lower-order bits has not yet been
proposed.

SUMMARY OF THE INVENTION

It is therefore an object of the present invention to provide
an interpolation circuit with a reduced circuit scale and an
A/D conversion circuit utilizing the same.

Another object of the invention is to provide an interpo-
lation circuit that can be constituted in multiple stages and
an A/D conversion circuit utilizing the same.

A further object of the invention is to provide an inter-
polation circuit that can minimize the variation of the
common level of the output of the interpolation circuit and
an A/D conversion circuit utilizing the same.

In order to achieve the above objects, according to a first
aspect of the present invention, an interpolation circuit for
generating interpolation differential voltages and extrapola-
tion differential voltages to a first and a second differential
input voltages, comprises a first and a second differential
amplifiers for inputting the first and the second differential
input voltages, respectively, and for generating a differential
output voltage of each amplify respectively between
inverted output terminal and non-inverted terminal. The
interpolation circuit further comprises a first voltage divid-
ing element array disposed between the non-inverted output
terminals of the first and the second differential amplifiers,
and a second voltage dividing element array disposed
between the inverted output terminals of the first and the
second differential amplifiers, so that the interpolation dif-
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ferential voltages are generated from nodes in the first
voltage dividing element array and nodes in the second
voltage dividing element array.

The interpolation circuit further comprises a third voltage
dividing element array disposed between the inverted output
terminal of the first differential amplifier and the non-
inverted output terminal of the second differential amplifier,
so that at least a pair of extrapolation differential voltages are
generated from nodes in the third voltage dividing element
array. Provision of the third voltage dividing element array
enables extrapolation differential voltages to be generated
such that the interpolation circuit having a correction range
can be realized with a reduced circuit scale. Further, an A/D
conversion circuit can be obtained by providing the com-
parator array for inputting the differential output voltages at
this interpolation circuit.

In order to attain the above objects, according to a second
aspect of the present invention, a pair of voltage dividing
element arrays are disposed respectively between the non-
inverted output terminal of the first differential amplifier and
the inverted output terminal of the second differential ampli-
fier and between the inverted output terminal of the first
differential amplifier and the non-inverted output terminal of
the second differential amplifier, in addition to the first and
the second voltage dividing element arrays, such that at least
a pair of extrapolation differential voltages are generated
between the nodes of the pair of voltage dividing element
arrays.

Further, in order to attain the above objects, according to
a third aspect of the present invention, a pair of voltage
dividing element arrays are disposed between the nodes in
the first and the second voltage dividing element arrays, in
addition to the first and the second voltage dividing element
arrays, such that at least a pair of extrapolation differential
voltages are generated from the nodes in the pair of voltage
dividing element arrays and the nodes in the first or the
second voltage dividing element array.

To achieve the above objects, according to a fourth aspect
of the present invention, in addition to the first and the
second voltage dividing element arrays, a pair of voltage
dividing element arrays are disposed between the nodes in
the first and the second voltage dividing element arrays, and
a third voltage dividing element array (NT3) is disposed
between the inverted output terminal of the first differential
amplifier and the non-inverted output terminal of the second
differential amplifier, such that at least a pair of extrapolation
differential voltages are generated from the nodes in the third
voltage dividing element array and the outputs of the first
and the second differential amplifiers.

To achieve the above objects, according to a fifth aspect
of the present invention, in addition to the first and the
second voltage dividing element array, a pair of voltage
dividing element arrays are disposed between the nodes in
the first and the second voltage dividing element arrays. A
pair of voltage dividing element arrays are further disposed
respectively between the non-inverted output terminal of the
first differential amplifier and the inverted output terminal of
the second differential amplifier, with another dividing ele-
ment array being disposed between the inverted output
terminal of the first differential amplifier and the non-
inverted output terminal of the second differential amplifier,
such that at least a pair of extrapolation differential voltages
are generated between the nodes in those voltage dividing
element arrays.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other objects, aspects, features and advan-
tages of the present invention will become more apparent
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from the following detailed description when taken in con-
junction with the accompanying drawings, in which:

FIG. 1 is a circuit diagram illustrating a conventional
interpolation-type A/D conversion circuit;

FIG. 2 illustrates the principle of the operation of the A/D
converter shown in FIG. 1;

FIG. 3 illustrates the principle of an interpolation circuit
according to a first embodiment;

FIG. 4 is a circuit diagram of the interpolation circuit
according to the first embodiment;

FIG. § shows the input/output characteristic of the inter-
polation circuit of the first embodiment;

FIG. 6 is a circuit diagram of an A/D conversion circuit
utilizing the interpolation circuit shown in FIG. 4;

FIG. 7 illustrates the principle of the interpolation circuit
according to a second embodiment;

FIG. 8 is a circuit diagram of the interpolation circuit
according to the second embodiment;

FIG. 9 is an input/output characteristic chart of the
interpolation circuit according to the second embodiment;

FIG. 10 is a circuit diagram of an A/D conversion circuit
utilizing the interpolation circuit shown in FIG. 8;

FIG. 11 illustrates the principle of the interpolation circuit
according to the third embodiment;

FIG. 12 is a circuit diagram of the interpolation circuit
according to the third embodiment;

FIG. 13 is an input/output characteristic chart of the
interpolation circuit according to the third embodiment;

FIG. 14 is a circuit diagram of an A/D conversion circuit
utilizing the interpolation circuit shown in FIG. 12;

FIG. 15 illustrates the principle of an interpolation circuit
according to a fourth embodiment;

FIG. 16 is the circuit diagram of the interpolation circuit
according to the fourth embodiment;

FIG. 17 is an input/output characteristic chart of the
interpolation circuit according to the fourth embodiment;

FIG. 18 is a circuit diagram of an A/D conversion circuit
utilizing the interpolation circuit shown in FIG. 16;

FIG. 19 is a circuit diagram of an A/D conversion circuit

of two stage configurated the A/D conversion circuit shown
in FIG. 18;

FIG. 20 illustrates the operation of the A/D conversion
circuit shown in FIG. 19;

FIG. 21 illustrates the principle of an interpolation circuit
according to a fifth embodiment;

FIG. 22 is a circuit diagram of the interpolation circuit
according to the fifth embodiment;

FIG. 23 is an input/output characteristic chart of the
interpolation circuit according to the fifth embodiment;

FIG. 24 is a circuit diagram of an A/D conversion circuit
utilizing the interpolation circuit shown in FIG. 21; and

FIG. 25 shows an A/D conversion circuit of two stage
configurated A/D conversion circuit shown in FIG. 23.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Exemplary embodiments of the invention will now be
described with reference to the accompanying drawings. It
is however to be appreciated that the protective scope of the
invention is not limited to the following exemplary embodi-
ments but covers the invention defined in the appended
claims and equivalents thereof.
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First Embodiment

FIG. 3 illustrates the principle of an interpolation circuit
according to a first embodiment and FIG. 4 is a circuit
diagram of the interpolation circuit shown in FIG. 3. A pair
of differential amplifiers A and B corresponding to the pair
of differential amplifiers 5 and 6 for detecting lower-order
bits of the A/D conversion circuit shown in FIG. 1 and
voltage dividing element arrays NT 1, 2, 3 are shown in FIG.
3 and FIG. 4. The interpolation circuit consists of differential
amplifiers A and B, a voltage dividing element array NT3
between an inverted output AN of the differential amplifier
A and a non-inverted output BP of the differential amplifier
B, a voltage dividing element array NT1 between a non-
inverted output AP of the differential amplifier A and the
non-inverted output BP of the differential amplifier B and a
voltage dividing element array NT2 between the inverted
output AN of the differential amplifier A and an inverted
output BN of the differential amplifier B.

In the circuit diagram shown in FIG. 4, the voltage
dividing element array NT3 consists of three resistor ele-
ments having the same resistance R and each of the voltage
dividing element arrays NT1 and NT2 consists of four
resistor elements having the same resistance R. The voltage
dividing element arrays NT1 and NT2 are same as the
voltage dividing element arrays 8 and 9 in the interpolation
circuit shown in FIG. 1 and interpolation differential volt-
ages Vdl1 to VdS are generated from combinations of two of
interpolation voltages nl to n6, AP, AN, BP and BN gener-
ated at each node of those element arrays.

The voltage dividing element herein includes all elements
and circuits that can divide a voltage, such as resistors,
transistors and diodes. Hereinafter, the same definition will
be applied to other embodiments.

In the example shown in FIGS. 3 and 4, an input voltage
Vin and reference voltages Vref and 2Vref are input into the
pair of amplifiers A and B having an amplification factor of
one (1). A differential output Va (=VAP-VAN) of the first
differential amplifier A is Va=Vin-2Vref and a differential
output Vb (=VBP-VBN) of the second differential amplifier
B is Vb=Vin-Vref. The interpolation differential voltages
Vdl to VdS between corresponding nodes of the voltage
dividing element arrays NT1 and NT2 are as follows.

Vd5=Va=Vb+4Vc=Vin-2Vref:VAP-VAN;
Vd4=Vb+3Vc=Vin—Vref-3Vref/4:Vn3-Vn6;
Vd3=Vb+2Vc=Vin—Vref-2Vref/4:Vn2-Vn5;
Vd2=Vb+Vc=Vin-Vref-Vref/4:Vn1-Vnd; and
Vd1=Vb=Vin-Vref:VBP-VBN;

where
Ve=(Va—Vb)/4=—Vref/4.

Furthermore, in the first embodiment, the voltage dividing
element array N'T3 has the three resistor elements connected
in series between the outputs AN and BP and the connection
nodes n10 and n12 of the array NT3 generate such extrapo-
lation differential voltages respectively according to the
outputs BN and AP of the differential amplifier as

Vd0=2(Vb-Vc)/3:Vnl10-VBN and
Vd6=2(Vb+5Vc)/3:VAP-Vnl2.

These extrapolation differential voltages Vd0 and Vdé can
be obtained by setting up node equations for the circuit



US 6,720,901 B2

7

network of the voltage dividing element arrays NT1, NT2
and NT3 and solving those simultaneous equations.

FIG. § shows the input/output characteristic of the inter-
polation circuit of the first embodiment. The axis of abscis-
sas in FIG. 5 represents the input voltage Vin and the axis of
ordinate represents the output of the interpolation circuit.
The variation of the voltages at the nodes AP, AN, BP, BN,
nl to n6, n10 and nl2 are respectively represented by
straight lines 1AP, 1AN, 1BP, IBN, In1 to Iné, In10 and In12.
This characteristic chart is the characteristic chart of the
circuit network shown in FIG. 4. Therefore, for example, the
interpolation differential voltage Vd1=Vb is the voltage
difference between the voltage VBP at the node BP and the
voltage VBN at the node BN and, when the input voltage
Vin equals to Vref, its interpolation differential voltage Vd1
equals Vb=0. Therefore, the polarity of the interpolation
differential voltage Vd1=Vb is inverted at its zero-crossing
point. Similarly, the interpolation differential voltage Vd5=
Va is the voltage difference between the voltages VAP and
VAN and, when the input voltage Vin equals to 2Vref, its
interpolation differential voltage VdS equals Va=0.
Therefore, the polarity of the interpolation differential volt-
age Vd5=Va is inverted at its zero-crossing point. Yet
similarly, the interpolation voltage Vd2=Vb+Vc between the
voltage Vnl at the node nl and the voltage Vn4 at the node
n4 becomes zero when Vin=5vref/4. The interpolation volt-
age Vd3=Vb+2Vc between the voltage Vn2 at the node n2
and the voltage Vn5 at the node n5 becomes zero when
Vin=6Vref/4. The interpolation voltage Vd4=Vb+3Vc
between the voltage Vn3 at the node n3 and the voltage Vn6
at the node n6 becomes zero when Vin=7Vref/4. That is, the
points indicated by five circles along the axis of abscissas
representing Vin in FIG. § are the above zero-crossing points
of the interpolation differential voltage.

Furthermore, in the first embodiment, the voltage dividing
element array NT3 is added and the extrapolation differen-
tial voltages Vd0=2 (Vb-Vc)/3 and Vd6=2 (Vb+5Vc)/3 are
generated. The one extrapolation differential voltage Vd0=
2(Vb-Vc¢)/3 becomes zero when Vin=3Vref/4 and its polar-
ity is inverted at Vin=3Vref/4. The other extrapolation
differential voltage Vd6=2(Vb+5Vc)/3 becomes zero when
Vin=9Vref/4 and its polarity is inverted at Vin=9Vref/4. The
voltage at the nodes n10 and nl2 of the element array NT3
for generating these extrapolation differential voltages are
shown by straight lines In10 and In12 in FIG. 5. Since the
element array NT3 divides equally into three the voltage
between VAN and VBP, the straight lines In10 and In12 are
the straight lines dividing equally into three (3) the crossing
angle formed by straight lines 1AN and 1BP. The zero-
crossing points of the extrapolation differential voltages
described above are indicated by circles at the left and right
ends.

The input voltages Vin crossing zero in FIG. § are all
spaced by Ve=Vref/4 and the positions of the zero-crossing
points for interpolation and extrapolation are equally spaced
to the input voltages Vin. Then, three interpolation points are
added between Vin=Vref and Vin=2Vref. Furthermore, an
extrapolation point lower than the Vin=Vref and an extrapo-
lation point higher than Vin=2Vref are added forming a
correction region.

As described above, in the interpolation circuit shown in
FIG. 4, by only providing the element array NT3 between
the node AN and BP in addition to the conventional voltage
dividing element arrays NT1 and NT2, the extrapolation
differential voltages on both ends can be generated and the
correction of higher-order bits can be conducted utilizing
those extrapolation differential voltages. As apparent from
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FIG. 4 and FIG. §, the element array NT3 for generating the
extrapolation voltages may be provided between the nodes
AP and BN. In this case, the straight lines In10 and In12 for
the node n10 and n12 are positioned on the lower side of the
axis of abscissas symmetrically for the axis of abscissas and
the zero-crossing points of the extrapolation differential
voltages are also positioned in the lower side of the axis of
abscissas symmetrically for the axis of abscissas.

FIG. 6 is a circuit diagram of an A/D conversion circuit
utilizing the interpolation circuit shown in FIG. 4. This A/D
conversion circuit is constituted by, in addition to the
interpolation circuit shown in FIG. 4, adding a comparator
array 20 to be supplied with seven pairs of differential output
voltages. The conversion error in higher-order bits can be
corrected by using this comparator array 20 having a cor-
rection range. Differential input voltage of each of the
comparator is shown at the output side of the comparator
array 20 shown in FIG. 6.

As shown in the input/output characteristic chart of the
interpolation circuit shown in FIG. 5, the level of common
voltage Vcom (the level on the direction of the axis of
ordinate for zero-crossing points) for the interpolation dif-
ferential voltage is same. Therefore, the comparator for
inputting the interpolation differential voltage can be a
narrow range of the input common level to be guaranteed.
However, the common voltage Vcom of the extrapolation
differential voltages (Vnl0-VBN and VAP-Vnl2) is dis-
placed by Vdc from the common voltage of the interpolation
differential voltage as shown in FIG. 5. Therefore, the
comparator for inputting the extrapolation differential volt-
age is needed to widen by the amount of the difference Vdc
the range of the input common level to be guaranteed.
Second Embodiment

FIG. 7 illustrates the principle of the interpolation circuit
according to a second embodiment. FIG. 8 is a circuit
diagram of the interpolation circuit according to the second
embodiment shown in FIG. 7. Same as in FIG. 7 and FIG.
8, a pair of differential amplifiers A and B corresponding to
the pair of differential amplifiers 5 and 6 and the voltage
dividing element arrays for detecting lower-order bits, pre-
sented in the A/D conversion circuit shown in FIG. 1, are
presented. In addition to the differential amplifiers A and B,
and the voltage dividing element arrays NT1 and N'T2 of the
first embodiment, this interpolation circuit has a voltage
dividing element array NT5 between the non-inverted output
AP of the differential amplifier A and the inverted output BN
of the differential amplifier B, and a voltage dividing ele-
ment array NT6 between the inverted output AN of the
differential amplifier A and the non-inverted output BP of the
differential amplifier B.

As shown in FIG. 8, in the second embodiment, the
voltage dividing element arrays NT1 and NT2 for generating
the interpolation differential voltages have same resistive
elements having the same resistance R as presented in the
first embodiment, while the resistance of voltage dividing
elements in both of the voltage dividing element arrays NTS
and NTé for generating the interpolation differential volt-
ages are set at R, 4R and R. Then, one extrapolation
differential voltage VdO is generated by the voltage differ-
ence between those at nodes n20 and n22 and the other
extrapolation differential voltage Vdé is generated by the
voltage difference between those at nodes n21 and n23. By
setting the resistance at these values, the two extrapolation
differential voltages Vd0 and Vdé6 become respectively
2(Vb-Vc)/3 and 2(Vb+5Vc)/3 similarly to that of the first
embodiment and, according to this, the zero-crossing points
of these extrapolation differential voltages equal Vin=
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3Vref/4 and Vin=9Vref/4. These extrapolation differential
voltages can also be obtained by setting up and solving the
node equations for the circuit network.

FIG. 9 shows an input/output characteristic chart of the
interpolation circuit shown in FIG. 8. By setting at R, 4R and
R the resistances of the resistive elements in each of the
element arrays NTS and NT6, straight lines In20 and 1n22
respectively of the node n20 and n22 cross each other on the
axis of abscissas Vin and, similarly, straight lines 1n21 and
In23 respectively of the node n21 and n23 cross each other
on the axis of abscissas Vin. As a result, the zero-crossing
points (Vin=3Vref/4 and 9Vref/4) of the extrapolation dif-
ferential voltages line up at the same level (the level on the
axis of ordinate) as the zero-crossing points of the interpo-
lation differential voltages. Therefore, the common levels of
these differential voltages all coincide with each other.

FIG. 10 is a circuit diagram of an A/D conversion circuit
utilizing the interpolation circuit shown in FIG. 8. Same as
in FIG. 6, the comparator array 20 to be supplied with
respectively the interpolation differential voltage and the
extrapolation differential voltage is added to the interpola-
tion circuit. Therefore, by using the comparator array 20
having a correction range, error of not only the conversion
of lower-order bits but also the conversion of higher-order
bits can be corrected. Furthermore, since the common levels
of the differential input voltages for the comparator arrays 20
are all equal as shown in FIG. 9 and the range of the input
common levels to be guaranteed by the comparators can be
narrowed, the design of the comparators can be more
simplified.

As described above, in the second embodiment, the
extrapolation differential output voltages can be generated
only by providing the voltage dividing element arrays NTS
and NT6 respectively between the non-inverted output AP of
the differential amplifier A and the inverted output BN of the
differential amplifier B and between the inverted output AN
and non-inverted output BP, in addition to the voltage
dividing element arrays of the interpolation circuit shown in
FIG. 1. Furthermore, in the second embodiment, the com-
mon levels of the interpolation differential voltage and the
extrapolation differential voltage can be equalized and,
therefore, the circuit design of the comparators into which
those differential voltages are input can be more simplified.
Third Embodiment

FIG. 11 illustrates the principle of the interpolation circuit
according to the third embodiment and FIG. 12 is a circuit
diagram of the interpolation circuit shown in FIG. 11. In
addition to the differential amplifiers A and B, the interpo-
lation circuit according to the third embodiment has a
voltage dividing element array NT7 between the non-
inverted output AP of the differential amplifier A and the
non-inverted output BP of the differential amplifier B, a
voltage dividing element array NT8 between the inverted
output AN of the differential amplifier A and the inverted
output BN of the differential amplifier B, and voltage
dividing element arrays NT9 and NT10 connecting the
intermediate nodes of the element arrays NT7 and NTS.

When interpolating equally into N, voltage dividing ele-
ments having resistances of R, NR (NxR) and R are con-
nected in series in each of the voltage dividing element
arrays N'T7 and NT8 for generating the interpolation differ-
ential voltages, and voltage dividing elements having a
resistance of NR are connected in series in the voltage
dividing element arrays NT9 and NT10. In the interpolation
circuit shown in FIG. 12 when it is assumed that N=4, the
interpolation differential voltages Vd1 to VdS5 are generated
from each voltage difference respectively between the volt-
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ages at nodes n30 to n34 in the element array NT7 and nodes
035 to n39 in the element array NT8. Furthermore, assuming
that the resistance of each resistive element in the voltage
dividing element arrays NT9 and NT10 to be 4R, the
extrapolation differential voltages Vd0 and Vdé are gener-
ated from each voltage difference respectively between
those at the intermediate nodes n40 and n41 of those arrays
NT9 and NT10 and nodes n38 and n36.

As shown in FIG. 12, the interpolation differential volt-
ages Vdl to Vd5 described above are:

2(Vb+4Vc)/3=2(Vin-2Vref)/3:Vn34-Vn39;
2(Vb+3Vc)/3=2(Vin- Vref-3Vref/4)/3:Vn33-Vn38;
2(Vb+2Vc¢)/3=2(Vin- Vref-2Vref/4)/3:Vn32-Vn37;
2(Vb+Ve)/3=2(Vin—Vref-Vref/4)/3:Vn31-Vn36; and
2Vb/3=2(Vin—Vref)/3:Vn30-Vn35.

By setting at R, 4R (or NR) and R the resistances of the
resistive elements in the resistive element array, the inter-
polation differential voltages Vdl to VdS5 are %3 (or N/(N+2))
(times) of the interpolation differential voltage in the first
and second embodiments.

As shown in FIG. 12, the interpolation differential volt-
ages Vd0 and Vdé are:

Vd6=(Vb+5Vc)/3=(Vin—5Vref/4)/3:Vn40-Vn38 and
Vd0=(Vb-Vc)/3=(Vin-3Vref/4)/3:Vn41-Vn36.

FIG. 13 is an input/output characteristic chart of the
interpolation circuit according to the third embodiment and
voltage variations of the nodes n30 to n39, n40 and n41 are
shown by corresponding straight lines. Since the node n40
is the midpoint of the voltage dividing element array NT9
connecting the node n34 and n35, the input/output charac-
teristic In40 of the node n40 is a straight line extending in the
center of the crossing angle formed by the straight lines I1n34
and In3S5 respectively of the nodes n34 and n35. On the other
hand, the characteristic of the node n4l is a straight line
extending in the center of the crossing angle formed by the
straight lines 1n30 and 1n39 respectively of the nodes n30
and n39 for the same reason. Therefore, the zero-crossing
points of the extrapolation differential voltages Vd0 and Vdé
on both ends are the circles on both sides shown in FIG. 13.
On the other hand, the five (5) zero-crossing points of the
interpolation differential voltages line up equally spaced on
the axis of abscissas Vin similarly in the above described
embodiment.

As apparent from FIG. 12 and FIG. 13, the extrapolation
differential output voltage VdO0 can also be generated from
the voltages Vn40 and Vn31 respectively of the nodes n40
and n31 and the extrapolation differential output voltage
Vd6 can also be generated from the voltages Vn4l and
Vn33.

As described above, the interpolation circuit according to
the third embodiment can be realized only by providing the
voltage dividing element arrays NT7 to NT10.

FIG. 14 is a circuit diagram of an A/D conversion circuit
utilizing the interpolation circuit shown in FIG. 12. To the
interpolation circuit shown in FIG. 12, the comparator array
20 for inputting the differential output voltages of the
interpolation circuit is added. As apparent from a character-
istic chart shown in FIG. 13, the common levels of the
interpolation differential voltages are equal, however, the
common levels of the extrapolation differential voltages
have a potential difference Vdc similarly to the first embodi-
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ment. Therefore, it is necessary to widen by the amount of
the potential difference the range of the common levels of
the extrapolation differential voltages to be guaranteed by
the comparators.

Fourth Embodiment

FIG. 15 illustrates the principle of an interpolation circuit
according to a fourth embodiment and FIG. 16 is the circuit
diagram of the interpolation circuit shown in FIG. 15. In
addition to the differential amplifiers A and B, the interpo-
lation circuit according to the fourth embodiment has the
voltage dividing element array NT7 between the non-
inverted output AP of the differential amplifier A and the
non-inverted output BP of the differential amplifier B, the
voltage dividing element array NT8 between the inverted
output AN of the differential amplifier A and the inverted
output BN of the differential amplifier B, and the voltage
dividing element arrays NT9 and NT10 connecting the
intermediate nodes of the element arrays NT7 and NTS. As
for the above, the configuration is same as that of the third
embodiment.

Furthermore, the interpolation circuit according to the
fourth embodiment has the voltage dividing element array
NT3 between the inverted output AN of the differential
amplifier A and the non-inverted output BP of the differential
amplifier B. Since this voltage dividing element array NT3
is constituted by the same principle with the same objective
as the element array NT3 shown in FIG. 4, this voltage
dividing element array NT3 can be provided between the
non-inverted output AP of the differential amplifier A and the
inverted output BN of the differential amplifier B in stead of
the element array NT3 between AN and BP.

Then, when interpolating equally into N, voltage dividing
elements having resistances of R, NR and R are connected
in series in the voltage dividing element arrays NT7 and
NT8 and a voltage dividing element having a resistance of
NR is further connected in series in the voltage dividing
element arrays NT9 and NT10. In the interpolation circuit
shown in FIG. 16 when N equals four, the interpolation
differential voltages Vdl to VdS are generated from each
respective potential difference between the voltages at nodes
n30 to n34 in the element array N'T7 and the voltages at
nodes n35 to n39 in the element array NTS8. Since this
configuration for generating the interpolation differential
voltages is same as that of the third embodiment, those
interpolation differential voltages are equal to that of the
third embodiment as shown in FIG. 16.

Furthermore, similarly to the first embodiment, in the
interpolation circuit in the fourth embodiment, the voltage
dividing element array N'T3 is constituted by three resistive
elements having the same resistance R, one extrapolation
differential voltage Vd0=2(Vb-Vc)/3 is generated from the
potential difference between those at the node n50 in the
element array N'T3 and the inverted output BN and the other
extrapolation differential voltage Vd6=2 (Vb+5Vc)/3 is gen-
erated from the potential difference between those at the
node n51 and the non-inverted output AP.

FIG. 17 is an input/output characteristic chart of the
interpolation circuit in the fourth embodiment. Straight lines
In30 to 1In39 respectively for the nodes n30 to n39 are same
as those in FIG. 13. Therefore, the positions of five zero-
crossing points of the interpolation differential voltages are
same as those shown in FIG. 13. The voltage dividing
element array NT3 is same as the voltage dividing element
array N'T3 shown in FIG. 6 and the extrapolation differential
voltages Vd0 and Vdé generated by the potential differences
between those respectively at the node n50 and n51 in the
element array and the output AN and the output BP are same
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as those shown in FIG. 6. Therefore, similarly to FIG. 5, the
straight lines In50 and In51 are the straight lines dividing
equally into three the crossing angle formed by the straight
lines 1BP and 1AN.

In the interpolation circuit in the fourth embodiment, the
interpolation differential voltages Vd1 to VdS5 are 35 times as
large those of the first embodiment (FIG. 6) and the second
embodiment (FIG. 10) due to the element arrays NT7 and
NTS8. Furthermore, the extrapolation differential voltages
VdO0 and Vdé are equal to those of the first embodiment
(FIG. 6) and the second embodiment (FIG. 10). As a result,
all the differential voltages Vd0 to Vdé increase by 2Vref/3
one after another from Vd0 to Vdé6. Such interpolation
circuit that can set the differential output voltages being
equally spaced can be utilized for not only A/D conversion
circuits but also A/D conversion circuits connected in mul-
tiple stages, it is possible to constitute A/D conversion
circuits that can detect further lower-order bits. Since the
spacing of the potential difference between the extrapolation
differential voltages and extrapolation differential voltages is
different in the first to third embodiments, those embodi-
ments are not suitable for such a multi-stage configuration.

The multi-stage configuration can be understood by refer-
ring to FIG. 2. FIG. 2 shows the principles of the A/D
conversion circuit for the three higher-order bits and the
conversion circuit for the two lower-order bits. In FIG. 2, the
voltages VO to V8 are all equally spaced and the potential
differences of VIN-V1 to VIN-V7 of the three higher-order
bits are all equally spaced. Only the interpolation differential
voltages are shown in FIG. 2. However, the A/D conversion
circuit consisting of the interpolation circuit and the com-
parators can be constituted in a multi-stage configuration
when the spacing of the potential differences of the extrapo-
lation differential voltages can be made same as the spacing
of the potential differences of the interpolation differential
voltages.

FIG. 18 is a circuit diagram of an A/D conversion circuit
utilizing the interpolation circuit shown in FIG. 16. The
comparator array 20 for inputting respectively the interpo-
lation differential voltages and extrapolation differential
voltages is added to the circuit shown in FIG. 16. As
apparent from the characteristic chart shown in FIG. 17, the
common levels of the interpolation differential voltages are
equal to each other, however, the common levels of the
extrapolation differential voltages have the potential differ-
ence Vdc similarly to the first embodiment. However, since
adjacent potential differences of the differential output volt-
ages are all unified to 2Vret/3 in this A/D conversion circuit,
it is possible to arrange the A/D conversion circuit shown in
FIG. 18 into a multi-stage configuration and utilize it as an
A/D conversion circuit that can detect further lower-order
bits.

FIG. 19 is a circuit diagram of an A/D conversion circuit
constituted by constituting the A/D conversion circuit shown
in FIG. 18 into a two-stage configuration. An A/D conver-
sion circuit 100 in the first stage is same as the one shown
in FIG. 18. Therefore, the interpolation differential voltages
Vdl1 to VdS and the extrapolation differential voltages Vd0
and Vdé are input into a comparator array 20-1. An A/D
conversion circuit 102 in the second stage is constituted
similarly to the one shown in FIG. 18 and the differential
voltages are supplied to a comparator array 20-2. Then,
adjacent interpolation differential voltages or extrapolation
differential voltages (two adjacent differential voltages from
Vdo to Vd6) selected according to an output of an encoder
not shown connected to the output of the comparator array
20-1 in the first stage or the output of the comparator array
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20-1 are supplied to the differential amplifiers A and B of the
A/D conversion circuit 102 in the second stage through a
switch array 22. The wiring of the switch array 22 shown in
the figure is an exemplary wiring. It is possible to further
connect an A/D conversion circuit in the stage following the
A/D conversion circuit in the second stage.

FIG. 20 illustrates the operation principle of the multi-
stage A/D conversion circuit shown in FIG. 19. Similarly to
FIG. 2, a conversion example of three higher-order bits is
shown in FIG. 20. A conversion example (100) of two
lower-order bits shown in FIG. 20 corresponds to the
operation of the A/D conversion circuit 100 in the first stage
shown in FIG. 19. A conversion example (102) of two
further-lower-order bits shown in FIG. 20 corresponds to the
operation of the A/D conversion circuit 102 in the second
stage shown in FIG. 19.

In FIG. 20, when it is detected that the input voltage Vin
is between the reference voltages V3 and V4 by a conversion
of three higher-order bits, two differential output voltages of
VIN-V3 and VIN-V4 are input into the A/D conversion
circuit 100 for the two lower-order bits and the digital value
of the two lower-order bits is detected. Since, at this
moment, the extrapolation differential voltages Vd0 and Vdé
in addition to the interpolation differential voltages Vdl1 to
VdS have been generated in the A/D conversion circuit 100
in the first stage shown in FIG. 19, it is possible to detect
which of the sides of the extrapolation differential voltages
Vd0 and Vd6 the zero-crossing point corresponding to the
input voltage Vin is on, in addition to detecting which of the
positions of the interpolation differential voltages Vdl to
VdS the zero-crossing point is on.

In the example shown in FIG. 20, when it is as certained
that there is a zero-crossing point between the interpolation
differential voltages Vd2 and Vd3 in the two lower-order bits
(100), the differential voltages Vd2 and Vd3 are input into
differential amplifiers A' and B' in the second stage and are
multiplied by a factor of m'. Then, new interpolation differ-
ential voltages V'dl to V'd5 and new extrapolation differ-
ential voltages V'd0 and V'd6 are generated in the A/D
conversion circuit 102 in the second stage. The digital value
of two further-lower-order bits is detected by comparing
those voltages in the comparator 20-2 in the second stage.
Fifth Embodiment

FIG. 21 illustrates the principle of an interpolation circuit
according to a fifth embodiment. In addition to the differ-
ential amplifiers A and B, the interpolation circuit according
to the fifth embodiment has the voltage dividing element
arrays NT7 to NT10 in the third and fourth embodiment
(FIG. 11, FIG. 12, FIG. 15 and FIG. 16). Furthermore, the
interpolation circuit according to the fifth embodiment has
the voltage dividing element arrays NT5 and NT6 in the
second embodiment (FIG. 7 and FIG. 8). That is, the
interpolation differential voltages Vd1 to VdS5 are generated
from the potential differences between nodes in the voltage
dividing element arrays NT7 to NT10 (same as n30 to n39
shown in FIG. 12 and 16) and the extrapolation differential
voltages Vd0 and Vdé are generated from the potential
differences between the nodes n20 to n23 in the voltage
dividing arrays NTS and NT6.

In FIG. 22, the differential voltages Vd0 to Vd6 increase
by 2Vref/3 one after another from Vd0 to Vdé. Therefore,
similarly to the fourth embodiment, an A/D conversion
circuit can be constituted in a multi-stage configuration by
utilizing this interpolation circuit.

FIG. 23 is an input/output characteristic chart of the
interpolation circuit of the fifth embodiment. The variations
of the input voltages at nodes n30 to n39 and n20 to n23 are
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shown by straight lines and the zero-crossing points between
each pair of the nodes are indicate by circles. As apparent
from this characteristic chart, the positions of the zero-
crossing points line up along the axis of abscissas Vin in a
line spacing equally to each other. This means that the
common levels of angular differential voltages including the
extrapolation differential voltages are all equal.
Furthermore, since the spacing of the zero-crossing points is
unified to 2Vref/3, this also means that a multi-stage A/D
conversion circuit can be constituted by utilizing this inter-
polation circuit.

FIG. 24 is a circuit diagram of an A/D conversion circuit
utilizing the interpolation circuit shown in FIG. 22. The
circuit shown in FIG. 22 is provided with the comparator 20
to which differential voltages of the interpolation circuit are
input.

As described referring to FIG. 23, since the common level
Vcom of the differential input voltages are equal in the A/D
conversion circuit shown in FIG. 24, the range of the input
common level to be guaranteed by the comparators 20 can
be narrowed and, therefore, the circuit design of the com-
parators 20 can be simplified. Furthermore, since the poten-
tial differences of differential voltages are spaced equally, it
is also possible to constitute the A/D conversion circuit in a
multi-stage configuration.

FIG. 25 shows an A/D conversion circuit constituted by
constituting the A/D conversion circuit shown in FIG. 24 in
a two-stage configuration. The A/D conversion circuit 100 in
the first stage and the A/D conversion circuit 102 in the
second stage are same as the circuits shown in FIG. 24 and
a switch array 22 is provided between these circuits. This
switch array connects adjacent differential voltages deter-
mined according to the output of the comparator array 20-1
in the first stage to the inputs of the pair of differential
amplifiers A and B in the second stage. The operation of the
multi-stage A/D conversion circuit shown in FIG. 25 is same
as that shown in FIG. 20.

As described above, the interpolation circuit of the
embodiment can be realized with a reduced circuit scale
compared to the conventional examples. Furthermore, in the
A/D conversion circuit, due to less variation in the common
levels of the differential outputs of the interpolation circuit,
the range of the input common levels to be guaranteed by the
comparators can be narrowed and, therefore, it is advanta-
geous in circuit designing. Yet furthermore, since the poten-
tial differences of the differential outputs of the interpolation
circuit can be spaced equally, an A/D conversion circuit with
a multi-stage configuration can be realized.

As set forth hereinabove, according to the invention there
can be provided, with a reduced circuit scale, an interpola-
tion circuit having a conversion error correction range for
higher-order bits and an A/D conversion circuit utilizing the
same.

What is claimed is:

1. An interpolation circuit for generating interpolation
differential voltages and extrapolation differential voltages
to a first and a second differential input voltages, compris-
ing:

a first differential amplifier for inputting the first differ-
ential input voltage and generating a differential output
voltage between an inverted output terminal and a
non-inverted terminal thereof;

a second differential amplifier for inputting the second
differential input voltage and generating a differential
output voltage between an inverted output terminal and
a non-inverted terminal thereof;

a first voltage dividing element array (NT1) disposed
between the non-inverted output terminals of the first
and the second differential amplifiers;
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a second voltage dividing element array (NT2) disposed
between the inverted output terminals of the first and
the second differential amplifiers; and

a third voltage dividing element array (NT3) disposed
between the inverted output terminal of the first differ-
ential amplifier and the non-inverted output terminal of
the second differential amplifier;

wherein the interpolation differential voltages are gener-
ated from nodes in the first voltage dividing element
array and from nodes in the second voltage dividing
element array, and the extrapolation differential volt-
ages are generated from nodes in the third voltage
dividing element array.

2. The interpolation circuit according to claim 1, wherein

each of the first and the second voltage dividing element
arrays has N voltage dividing elements connected in
series, and each corresponding connection nodes of the
voltage dividing elements thereof are connected
respectively to each corresponding one of N-1 inter-
polation output terminal pairs, so that the interpolation
differential voltages are output from the interpolation
output terminal pairs, and

wherein

the third voltage dividing element array has a plurality of
voltage dividing elements connected in series, a first
and a second connection nodes of the voltage dividing
elements and non-inverted output terminal and inverted
output terminal of the first and the second differential
amplifiers are connected respectively to a first and a
second extrapolation output terminal pairs, so that the
extrapolation differential voltages being output from
the extrapolation output terminal pairs.

3. An A/D conversion circuit comprising:

the interpolation circuit according to claim 1 or 2; and

a comparator array for inputting respectively the interpo-
lation differential voltages and the extrapolation differ-
ential voltages so as to detect the polarity of the
differential voltages.

4. An interpolation circuit for generating interpolation
differential voltages and extrapolation differential voltages
to a first and a second differential input voltages, compris-
ing:

a first differential amplifier for inputting the first differ-
ential input voltage and generating a differential output
voltage between an inverted output terminal and a
non-inverted terminal thereof;

a second differential amplifier for inputting the second
differential input voltage and generating a differential
output voltage between an inverted output terminal and
a non-inverted terminal thereof;

a first voltage dividing element array (NT1) disposed
between the non-inverted output terminals of the first
and the second differential amplifiers;

a second voltage dividing element array (NT2) disposed
between the inverted output terminals of the first and
the second differential amplifiers;

a fifth voltage dividing element array (NT5) disposed
between the non-inverted output terminal of the first
differential amplifier and the inverted output terminal
of the second differential amplifier; and

a sixth voltage dividing element array (NT6) disposed
between the inverted output terminal of the first differ-
ential amplifier and the non-inverted output terminal of
the second differential amplifier;

wherein the interpolation differential voltages are gener-
ated from nodes in the first voltage dividing element
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array and from nodes in the second voltage dividing
element array, and the extrapolation differential volt-
ages are generated from between nodes in the fifth
voltage dividing element array and in the sixth voltage
dividing element array.

5. The interpolation circuit according to claim 4, wherein

each of the first and the second voltage dividing element
arrays has N voltage dividing elements connected in
series, and each corresponding connection nodes of the
voltage dividing elements thereof are connected
respectively to each corresponding one of N-1 inter-
polation output terminal pairs, so that the interpolation
differential voltages are output from the interpolation
output terminal pairs, and wherein

each of the fifth and the sixth voltage dividing element
arrays has a plurality of voltage dividing elements
connected in series, each corresponding connection
nodes of the voltage dividing elements thereof are
connected respectively to the first and second extrapo-
lation output terminal pairs, so that the extrapolation
differential voltages being output from the extrapola-
tion output terminal pairs.

6. An A/D conversion circuit comprising:

the interpolation circuit according to claim 4 or 5; and

a comparator array for inputting respectively the inter-
polation differential voltages and the extrapolation
differential voltages so as to detect the polarity of the
differential voltages.

7. An interpolation circuit for generating interpolation
differential voltages and extrapolation differential voltages
to a first and a second differential input voltages, compris-
ing:

a first differential amplifier for inputting the first differ-
ential input voltage and generating a differential output
voltage between an inverted output terminal and a
non-inverted terminal thereof;

a second differential amplifier for inputting the second
differential input voltage and generating a differential
output voltage between an inverted output terminal and
a non-inverted terminal thereof;

a seventh voltage dividing element array (NT7) disposed
between the non-inverted output terminals of the first
and the second differential amplifiers;

an eighth voltage dividing element array (NT8) disposed
between the inverted output terminals of the first and
the second differential amplifiers;

a ninth voltage dividing element array (NT9) disposed
between a first node in the seventh voltage dividing
element array and a second node in the eighth voltage
dividing element array; and

a tenth voltage dividing element array (NT10) disposed
between a second node in the seventh voltage dividing
element array and a first node in the eighth voltage
dividing element array;

wherein the interpolation differential voltages are gener-
ated from nodes in the seventh voltage dividing ele-
ment array and from nodes in the eighth voltage
dividing element array, and the extrapolation differen-
tial voltages are generated from nodes in the seventh or
eighth voltage dividing element array and from nodes

in the ninth or tenth voltage dividing element array.
8. The interpolation circuit according to claim 7, wherein
each of the seventh and the eighth voltage dividing element
arrays has N+2 voltage dividing elements connected in
series, and each corresponding connection nodes of the N+2
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voltage dividing elements thereof are connected respectively
to each of N+1 interpolation output terminal pairs, so that
the interpolation differential voltages are output from the
interpolation output terminal pairs, and wherein

each of the ninth and the tenth voltage dividing element
arrays has a plurality of voltage dividing elements
connected in series, and each of connection nodes of
the voltage dividing elements in the ninth or the tenth
voltage dividing element array and each of connection
nodes of the voltage dividing elements in the seventh or
eighth voltage dividing element array are connected to
a first and a second extrapolation output terminal pairs,
so that the extrapolation differential voltages are output
from the extrapolation output terminal pairs.

9. An A/D conversion circuit comprising:

the interpolation circuit according to claim 7 or 8; and

a comparator for inputting respectively the interpolation
differential voltages and the extrapolation differential
voltages so as to detect the polarity of the differential
voltages.

10. An interpolation circuit for generating interpolation
differential voltages and extrapolation differential voltages
to a first and a second differential input voltages, compris-
ing:

a first differential amplifier for inputting the first differ-
ential input voltage and generating a differential output
voltage between an inverted output terminal and a
non-inverted terminal thereof;

a second differential amplifier for inputting the second
differential input voltage and generating a differential
output voltage between an inverted output terminal and
a non-inverted terminal thereof;

a seventh voltage dividing element array (NT7) disposed
between the non-inverted output terminals of the first
and the second differential amplifiers;

an eighth voltage dividing element array (NT8) disposed
between the inverted output terminals of the first and
the second differential amplifiers;

a ninth voltage dividing element array (NT9) disposed
between a first node in the seventh voltage dividing
element array and a second node in the eighth voltage
dividing element array;

a tenth voltage dividing element array (NT10) disposed
between a second node in the seventh voltage dividing
element array and a first node in the eighth voltage
dividing element array; and

a third voltage dividing element array (NT3) disposed
between the inverted output terminal of the first differ-
ential amplifier and the non-inverted output terminal of
the second differential amplifier;

wherein the interpolation differential voltages are gener-
ated from nodes in the seventh voltage dividing ele-
ment array and from nodes in the eighth voltage
dividing element array, and the extrapolation differen-
tial voltages are generated from nodes in the third
voltage dividing element array.

11. The interpolation circuit according to claim 10,
wherein each of the seventh and the eighth voltage dividing
element arrays has N+2 voltage dividing elements connected
in series, and each corresponding connection nodes of the
N+2 voltage dividing elements thereof are connected respec-
tively to each of N+1 interpolation output terminal pairs, so
that the interpolation differential voltages are output from
the interpolation output terminal pairs, and wherein

the third voltage dividing element array has a plurality of
voltage dividing elements connected in series, and a
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first and a second connection nodes between the volt-
age dividing elements thereof and the non-inverted
output terminal and inverted output terminal of the first
and the second differential amplifiers are connected
respectively to a first and a second extrapolation output
terminal pairs, so that the extrapolation differential
voltages are output from the extrapolation output ter-
minal pairs.

12. An A/D conversion circuit comprising:

the interpolation circuit according to claim 10 or 11; and

a comparator array for inputting respectively the interpo-
lation differential voltages and the extrapolation differ-
ential voltages so as to detect the polarity of the
differential voltages.

13. A multi-stage A/D conversion circuit comprising:

a plurality of the A/D conversion circuits according to
claim 12 that are connected to each other in a multi-
stage configuration.

14. An interpolation circuit for generating interpolation
differential voltages and extrapolation differential voltages
to a first and a second differential input voltages, compris-
ing:

a first differential amplifier for inputting the first differ-
ential input voltage and generating a differential output
voltage between an inverted output terminal and a
non-inverted terminal thereof;

a second differential amplifier for inputting the second
differential input voltage and generating a differential
output voltage between an inverted output terminal and
a non-inverted terminal thereof;

a seventh voltage dividing element array (NT7) disposed
between the non-inverted output terminals of the first
and the second differential amplifiers;

an eighth voltage dividing element array (NT8) disposed
between the inverted output terminals of the first and
the second differential amplifiers;

a ninth voltage dividing element array (NT9) disposed
between a first node in the seventh voltage dividing
element array and a second node in the eighth voltage
dividing element array;

a tenth voltage dividing element array (NT10) disposed
between a second node in the seventh voltage dividing
element array and a first node in the eighth voltage
dividing element array;

a fifth voltage dividing element array (NT5) disposed
between the non-inverted output terminal of the first
differential amplifier and the inverted output terminal
of the second differential amplifier; and

a sixth voltage dividing element array (NT6) disposed
between the inverted output terminal of the first differ-
ential amplifier and the non-inverted output terminal of
the second differential amplifier;

wherein the interpolation differential voltages are gener-
ated from nodes in the seventh voltage dividing ele-
ment array and from nodes in the eighth voltage
dividing element array, and the extrapolation differen-
tial voltages are generated from between nodes in the
fifth voltage dividing element array and in the sixth
voltage dividing element array.

15. The interpolation circuit according to claim 14,
wherein each of the seventh and the eighth voltage dividing
element arrays has N+2 voltage dividing elements connected
in series, each corresponding connection nodes of the N+2
voltage dividing elements thereof are connected respectively
to each of N+1 interpolation output terminal pairs, so that
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the interpolation differential voltages are output from the
interpolation output terminal pairs, and wherein
each of the fifth and sixth voltage dividing element arrays
has a plurality of voltage dividing elements connected
in series, and each corresponding connection nodes
between the voltage dividing elements thereof are
connected respectively to a first and a second extrapo-
lation output terminal pairs, so that the extrapolation
differential voltages are output from the extrapolation
output terminal pairs.
16. An A/D conversion circuit comprising:

the interpolation circuit according to claim 14 or 15; and

a comparator for inputting respectively the interpolation
differential voltages and the extrapolation voltages so
as to detect the polarity of the differential voltages.
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17. A multi-stage A/D conversion circuit comprising:

a plurality of the A/D conversion circuits according to
claim 16 which are connected to each other in a
multi-stage configuration.

18. The multi-stage A/D conversion circuit according to
claim 13 or 17, further comprising a switch array disposed
between the A/D conversion circuits connected to each other
in the multi-stage configuration, wherein the switch array
supplies adjacent differential voltages to inputs of a first and
a second differential amplifiers of the A/D conversion circuit
at a second stage, according to an output of the A/D
conversion circuit at a first stage.



FURTHER READING

Click any one of the following links to be taken to a website which contains
the following documents.

The following are some recent examples of Asynchronous ADC activity off the web.

6 bit Asynchronous December 2006

Asynchronous ADC In CAD Mentor Graphics

Asynchronous Data Processing System

ASYNCHRONOUS PARALLEL RESISTORLESS ADC

Flash Asynchronous Analog-to-Digital Converter

Novel Asynchronous ADC Architecture

LEVEL BASED SAMPLING FOR ENERGY CONSERVATION IN LARGE NETWORKS

A level-Crossing Flash Asynchronous Analog-to-Digital Converter

Weight functions for signal reconstruction based on level crossings

Adaptive Rate Filtering Technique Based on the Level Crossing Sampling

Adaptive Level—Crossing Sampling Based DSP Systems

A 0.8 V Asynchronous ADC for Energy Constrained Sensing Applications
Spline-based signal reconstruction algorithm from multiple level crossing samples
A New Class of Asynchronous Analog-to-Digital Converters

Effects of time quantization and noise in level crossing sampling stabilization

Here is some more background information on Analog to Digital converters.

A 1-GS/s 6-bit 6.7-mW ADC

A Study of Folding and Interpolating ADC
Folding_ ADCs_Tutorials

high speed ADC design

Investigation of a Parallel Resistorless ADC

Here are some patents on the subject.

4,291,299 Analog_to_digital_converter_using_timed
4,352,999_Zero_crossing_comparators_with_threshold

4,544,914 Asynchronously controllable_successive_approximation
4,558,348 Digital_video_signal_processing_system_using
5,001,364 _Threshold crossing detector

5,315,284 _Asynchronous_digital_threshold_detector_

5,945,934 Tracking_analog_to_digital_converter

6,020,840 _Method_and_apparatus_for_representing_waveform
6,492,929 Analogue_to_digital_ converter_ and_method

6,501,412 Analog_to_digital_converter_including_a_quantizers
6,667,707 _Analog_to_digital_ converter with_asynchronous_ability
6,720,901_Interpolation_circuit_having_a_conversio2
6,850,180_SelfTimed_ ADC

6,965,338_Cascade_A_ D_converter

7,133,791 Two_mean_level crossing_time_interval
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