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VARIABLE-GAIN AMPLIFIER CIRCUIT AND ATTENUATOR CIRCUIT

FIELD OF THE INVENTION

The present invention relates to a variable-gain amplifier

circuit and a variable-gain attenuator circuit.

BACKGROUND OF THE INVENTION

- Avariable-gain amplifier or attenuator circuit as shown in
Fig. 81 has been heretofore adopted as a volume-adjusting
device in audio equipment, TV receivers, communications
equipment, etc. to control thg volume of an analog audio signal.
This circuit comprises resistors R1-Rn+l, an operational
amplifier 101, and transistor switches Swl-Swn controlled by a
control circuit 102.

In brief, when a transistor Swi is conducting, no current is
fed into the inverting input terminal of the operational
amplifier 101 and so a terminal i is placed -at the same
potential as the inverting input terminal, forming a circuit
equivalent to a circuit shown in Fig. 82. At this time, the ON
resistance of the switch Swi is independent of the gain.

In Fig. 82, resistances ri and rf are respectively given by

ri=R1+R2+ +Ri

rf=Ri+l1 + <+ Rn + Rn+1

At this time, the gain Gi (dB), i.e., -the ratio of the output

voltage Vout to the input voltage Vin, is given by



R,++R +R,
(1)

| 4 r
G, =20* Log, | —2%|=20* Lo —’—):20*Lo (
f gno(V J glo(r S0 R+R, Fo AR

i, {

It can be seen from Eq. (1 ) above that R1-Rn+l are determined by
the desired gain providing either amplification or attenuation
that is obtained by- selectively closing the switches. This
éircuit is fabricated often using semiconductor devices to
miniaturize the circuit.

If large amplification or large attenuation should be
obtained by the gain of the circuit described above, or if the
steps of gain are reduced, the ratio of the total resistance to
the minimum resistance becomes exorbitantly large. Especially,
where the circuit described above is fabricated using
semicdnduqtor devices, limitations are frequentiy imposed on
the minimum size of the minimum resistor due to the limited
ability to miniaturize resistive elements fabricated and due
to limited accuracy achieved. Therefore, as the minimum
resistance increases, the area of the whole resistance
increases, thus increasing the dimensions of the circuit.

Furthermore, when it is attempted to make the amplification
or attenuation as large as possible by the gain of the circuit,
the area of the resistor increases. Thus, the limitations
placed on the circuif scale have made it impossible to produce
large degrees of amplification or attenuation.

The relation of the total resistance to the minimum

resistance of the prior art circuit shown in Fig. 81 is next
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described about the case where the circuit is used for
amplification and about the case where the circuit is used for
attenuation.

It is first.assumed that the circuit shown in Fig. 81 is used
as. an amplifier circuit having a variable gain. A desired gain
providing amplification is derived by selecti{rely closing the
switches. Which of the resistors R1 -Rn+l gives the minimum
resistance varies, depending on the number of the switches and |
on the desired gain. For example, where the gain is changed in
negative equal steps a (dB) as is often used, Rl or R2 often
becomes t_he minimum resistance. Under this condition, the
above-described relation is expressed as described below.

It is now assumed that when the switches S1 and S2 are closed,
voltage gains of Gl and G2 are respectively produced (G2 = Gl +

a). Thus, these gains can be respectively expressed as follows.
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Note that Gl is the maximum gain of this circuit. When R1 is
the minimum resistance, if the total resistance Rall is

expressed in terms of the minimum resistance R1, we have

s )
R,=1+10%|*R, (4)
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Notice that R1 is the minimum resistance where the following

relation holds:

G.

=2
G, >20* Log,,(2*10% +1) (5)

When R2 is the minimum resistance, if the total resistance Rall

is expressed in terms of the minimum resistance R2, the total
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resistance is given by

Ry =4 % & *R, (6)
107 —10%
If the relationship
. ‘10 4 (7)
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holds, R2 gives the minimum resistance.

For example, where Gl = 50 dB and G2 = 40 dB (gain step =
-10 dB), Eq. (5) holds and, therefore, Rl becomes the minimum
resistance. Eq. (4) leads to Rall = 317.2 x Rl. Consequently,
the total resistance must be 317.2 times as large as the minimum

resistance.

Where G1 = 60 dB and G2 = 59 dB (gain step = -1 dB), Eq. (7)
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holds and, therefore, R2 becomes the minimum resistance. Eq.
(6) leads to Rall - 8212.9 x R2. Consequently, the total
resistance must be 8212.9 times as large as the minimum
resistance. In this way, the ratio of the total resistance to
the minimum resistance is very large.

Generally, however, when an amplifier circuit is
designed, allowances are given to the ideal gain providing
amplification. Therefore, the values of Rali derived from Egs.
(4) and (6) involve errors.

An example that the circuit shown in Fig. 81 is used ds a
variable-gain circuit providing attenuation is next described.
Again, which of the resistors R1-Rn+l gives the minimum
resistance varies, depending on the number of the switches and
on the-desired attenuation produced by selectively closing the
switches. For example, where the gain is varied in negative
equal steps a (dB) as is often used, Rn or Rn+l often becomes
the minimum resistance. This situation is next described.

It is now assumed that when the switches SWn>-1 and SWn are
closed, voltage gains of Gn-1 and Gn are respectively produced .
(Gn =Gn-1 + a). Thus, these gains can be respectively expressed

as follows.
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where Gn is the maximum attenuation provided by the gain of this
circuit. When Rn+l is the minimum resistance, expressing the
total resistance Rall in terms of the minimum resistance Rn+1

gives rise to

1
Ry=|1+—¢ *R.. (10)
10%

Note that Rn+l gives the minimum resistance provided that the
following relation holds:
Gasy

10 %

Guy
2+10 %

G, <20* Log,, (11)

When Rn gives the minimum resistance, expressing the total

resistance Rall in terms of Rn results in

Gl G
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If the relationship
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holds, Rn gives the minimum resistance.
For example, where Gn-1 = -40 dB and Gn = -50dB (gain step =
-10 dB), Eg. (11) holds and, therefore, Rn+l gives the minimum

resistance. Eg. (10) leads to Rall = 317.2 x Rn+l1.
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Consequently, the total resistance must be 317.2 times as large
as the minimum resistance. |

Where Gn-1 = -59 dB and Gn = -60dB (gain steé = -1 dB), Eq.
(13) holds and, therefore, Rn gives the minimum resistance. Eq.
(12) leads to Rall = 8212.9 x Rn. Consequently, the total
resistance must be 8212.9 times as large as the minimum
resistance. In this manner, the ratio of the total resistance
to the minimum resistance is increased greatly.

Generally, however, when an amplifier circuit is
designed, allowances are given to the ideal gain providing
amplification. Therefore, the values of Rall derived from Eqé .
(10) and (12) involve errors.

In the examples given above, the gain is variable and
changes in equal steps. Even where the gain step is not uniform,
the ratio of the total resistance to the minimum resistance is

very large in the configuration described above.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide a
variable-gain amplifier circuit free of the foregoing problems.

It is another object of the invention to provide a
variable-gain attenuator circuit free of the foregoing
problens.

The present invention provides a variable-gain amplifier
circuit comprising: an operational amplifier having a gain and

equipped with an inverting input terminal and an output
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terminal; a first set of resistors fabricated on a
semiconductor substrate, the resistors being connected in
series; a second set of resistors fabricated on the
semiconductor substrate; and a control means. A respective one
end .of the resistors of the first set is connected with the
output terminal of the operationai amplifier. The other end
forms a signal-input terminal of the variable-gain amplifier
circuit. All or some of the junctions of the resistors of the
first set can be connected with the inverting input terminal of
the operational amplifier and are referred to as the first
connectable junctions. A respective one end of tﬁe resistors of
the second set is connected with the signal-input terminal,
while the other end is connected with a respective one of the
junctions of the resistors of the first set. The control means
controls connection of the first connectable junctions with
the inverting input terminal, thus controlling the gain of the
operational amplifier. Where the variable-gain amplifier
circuit is set at a large gain, or where the gain étep should be
reduced, the ratio of the total resistance to the minimum
resistance can be made small. Henée, the circuit area can be
reduced greatly.

The present invention also provides a variable-gain
attenuator circuit comprising: an operational amplifier
having a gain and equipped with an inverting input terminal and
an output terminal; a first set of resistors fabricated on a

semiconductor substrate, the resistors being connected in



series; a second set of resistors fabricated on the
semiconductor substrate; and a control means. A respective one
end of the resistors of the first set is connected with the
output terminal §f the operational amplifier. The other end
forms a signal-input terminal of the variable-gain attenuator
circuit. All or some of the junctions of the resistors of the
first sét can be connected with the inverting input terminal of
the operational amplifier and are referred to as the first
connectable junctions. A respective one end of the resistors of
the second set is connected with the output terminal of the
operational amplifier, while the other end is connected with a
respective one of the junctions of the resistors of the first
set. The control means controls connection of the first
connectable junctions with the inverting input terminal, thus
cdntrolling the gain of the operational amplifier. Where the
variable-gain attenuator circuit is set at a large gain, or
where the gain step should be reduced, the ratio of the total
resistance to the minimum resistance can be made small. Hence, .
the circuit area can be reduced greatly.

Other objects and features of the invention will appear in

the course of the description thereof, which follows.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a circuit diagram of a variable-gain amplifier
circuit in accordance with the present invention;

Fig. 2 is a circuit diagram of another variable-gain
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amplifier circuit in accordance with the invention; |

Fig. 3 is a circuit diagram of a specific example of the
variable-gain amplifier circuit shown in Fig. 1;

Figs. 4(a) and 4(b) are tables showing the resistance ratios
of resistors included in the circuit shown in Fig. 3;

Fig. 5 is a diagram of a circuit that is equivalent to the
circuit shown in Fig. 3 but fabricated by the prior art
technique; |

Fig. 6 is a table showing the resistance ratios of resistors
included in the circuit shown in Fig. 5;

Figs. 7(a) and 7(b) are tables showing the resistance ratios
of resistors included in the circuit shown in Fig. 3;

Fig. 8 is a table showing the resistance ratios of resistors
included in the circuit shown in Fig. 5;

Fig. 9 is a diagram of another circuit in accordance with the
invention;

Fig. 10 is a diagram of a further circuit in accordance with
the invention;

Figs. 11(a) and 11(b) are tables showing the resistance
ratios of resistors included in the circuits shown in Figs. 9
and 10, respectively;

Fig. 12 is a diagram of a circuit that is equivalent to the
circuits shown in Figs. 9 and 10 but fabricated by the prior art
technique;

Fig. 13 is a table showing the resistance ratios of

resistors included in the circuit shown in Fig. 12;
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Figs. 14(a) and 14(b) are tables showing the resistance
ratios of resistors included in the circuits shown in Figs. 9
and 10, respectively;

Fig. 15 is a table showing the resistance ratios of
resistors included in the circuit shown in Fig. 12;

Fig. 16 is a diagram of a yet other circuit in accordance
with the invention;

Fig. 17 is a diagram of a circuit equivalent to the circuit
shown in Fig. 16;

Fig. 18 is a diagram of another circuit equivalent to the
circuit shown in Fig. 16;

Fig. 19 is a diagram of a further circuit equivalent to the
circuit shown in Fig. 16;

Fig. 20 is a table showing the resistance ratios of
resistors included in the circuit shown in Fig. 16;

Fig. 21 is a diagram of a circuit that is equivalent to the
circuit shown in Fig. 16 but fabricated by the prior art

technique;

Fig. 22 is a table showing the resistance ratios of
resistors included in the circuit shown in Fig. 21;

Fig. 23 is a diagram of a still further circuit in accordance
with the invention;

Fig. 24 is a table showing the resistance ratios of
resistors included in the circuit shown ir;x Fig. 23;

Fig. 25 is a diagram of a circuit that is equivalent to the

circuit shown in Fig. 23 but fabricated by the prior art
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technique;

Fig. 26 is a table showing the resistance ratios of
resistors included in the circuit shown in Fig. 25;

Fig. 27 is a diagram of an additional circuit in accordance
with the invention;

Fig. 28 is a diagram of a yet further circuit in accordance
with the invention;

Figs. 29(a) and 29(b) are tables showing the resistance
ratios of resistors included in the circuits shown in Figs. 27
and 28, respectively;

Fig. 30 is a diagram of a circuit that is equivalent to the
circuits shown in Figs. 27 and 28 but fabricated by the prior
art technique;

Fig. 31 is a table showing the resistance ratios of
resistors included in the circuit shown in Fig. 30;

Fig. 32 is a diagram of another circuit in accordance with
the invention; |

Fig. 33 is a diagram of another circuit in accordance with
the invention;

Figs. 34(a) and 34(b). are tables showing the resistance
ratios of resistors included in the circuits shown in Figs. 32
and 33, respectively;

Fig. 35 is a diagram of a circuit that is equivalent to the
circuits shown in Figs. 32 and 33 but fabricated by the prior
art technique;

Fig. 36 is a table showing the resistance ratios of
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resistors included in the circuit shown in Fig. 35;

Fig. 37 is a diagram of another circuit in accordance with
the invention;

Fig. 38 is a table showirig the resistance ratios of
resistors included in the circuit shown in Fig. 37;

Fig. 39 is a diagram of a circuit that is equivalent to the
circuit shown in Fig. 38 but fabricated by the prior art
technique;

Fig. 40 is a table showing the resistance ratios of
resistors included the circuit shown in Fig. 39;

Fig. 41 is a diagram of another circuit in accordance with
the inventioﬁ ;

Fig. 42 is a diagram of another circuit in accordance with
the invention;

Fig. 43 is a diagram of one example of the circuit shown in
Fig. 1;

Figs. 44(a) and 44(b) are tables showing the resistance
ratios of resistors included in the circuit shown in Fig. 43;

Fig. 45 is a diagram of a circuit that is equivalent to the
circuit shown in Fig. 43 but fabricated by the prior art
technique;

Fig. 46 is a table showing the resistance ratios of
resistors included in the circuit shown in Fig. 45;

Figs. 47(a) and 47(b) are tables showing the resistance
ratios of resistors included in the circuit shown in Fig. 43;

Fig. 48 is a table showing the resistance ratios of
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resistors included in the circuit shown in Fig. 45;

Fig. 49 is a diagram of another circuit in accordance with
the invention;

Fig. 50 is a diagram of another circuit in accordance with
the invention;

Figs. 51(a) and 51(b) are tables showing the resistance
ratios of resistors included in the circuits shown in Figs. 49
and 50, respectively;

Fig. 52 is a diagram of a circuit that is equivalent to the
circuits shown in Figs. 49 and 50 but fabricated by the prior
art technique;

Fig. 53 1is a table showing the resistance ratios of
resistors included in the circuit shown in Fig. 52;

Figs. 54(a) and 54(b) are tables showing the resistance
ratios of resistors included in the circuits shown in Figs. 49
and 50, respectively;

Fig. 55 is a table showing the resistance ratios of
resistors included in the circuit shown in Fig. 52‘;

Fig. 56 is a diagram of another circuit in accordance with
the invention;

Fig. 57 is a diagram of a circuit equivalent to the circuit
shown in Fig. 56;

Fig. 58 is a diagram of another circuit equivalent to the
circuit shown in Fig. 56;

Fig. 59 is a diagram of a further circuit equivalent to the

circuit shown in Fig. 56;
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Fig. 60 is a table showing the resistance ratios of
resistors included in the circuit shown in Fig. 56;

Fig. 61 is a diagram of a circuit that is equivalent to the
circuit shown in Fig. 56 but fabricated by the prior art
technique;

Fig. 62 1is a table showing the resistance ratios of
resistors included in the circuit shown in Fig. 61;

Fig. 63 is a diagram of another circuit in accordance with
the invention;

Fig. 64 is a table showing the resistance ratios of
resistors included in the circuit shown in Fig. 63;

Fig. 65 is a diagram of a circuit that is equivalent to the
circuit shown in Fig. 63 but fabricated by the prior art
technique; |

Fig. 66 is a table showing the resistance ratios of
resistors included in the circuit shown in Fig. 65;

Fig. 67 is a diagram of another circuit in accordance with
the invention; )

Fig. 68 is a diagram of another circuit in-accordance with
the invention; |

Figs. 69(a) and 69(b) are tables showing the resistance
ratios of resistors included in the circuits shown in Figs. 67
and 68, respectively;

Fig. 70 is a diagram of a circuit that is equivalent to the
circuits shown in Figs. 67 and 68 but fabricated by the prior

art technique;
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Fig. 71 1is a table showing the resistance ratios of
resistors included in the circuit shown in Fig. 70;

Fig. 72 is a diagram of another circuit in accordance with
the invention;

Fig. 73 is a diagram of another circuit in accordance with
the invention;

Figs. 74(a) and 74(b) are tables showing the resistance
ratios of resistors included in the circuits shown in Figs. 72
and 73, respectively;

Fig. 75 is a diagram of a circuit that is equivalent to the
circuits shown in Figs. 72 and 73 but fabricated by the prior
art technique;

Fig. 76 is a table showing the resistance ratios of
resistors included in the circuit shown in Fig. 75;

Fig. 77 is a diagram of aﬁother circuit in accordance with
the invention;

Fig. 78 is a table showing the resistance ratios of
resistors included in the circuit shown in Fig. 7f;

Fig. 79 is a diagram of a circuit that is equivalent to the
circuit shown in Fig. 78 but fabricated by the prior art
technique; |

Fig. 80 is a table showing the resistance ratios of
resistors included in the circuit shown in Fig. 79;

Fig. 81 is a diagram of a known circuit; and

Fig. 82 is a diagram of a circuit equivalent to the circuit

shown in Fig. 81.
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

A variable~gain amplifier circuit in accordance with the
present invention is first described. A general example of this
variable~gain amplifier circuit is shown in Fig. 1. This
circuit comprises an operational amplifier 1, a firét set of
resistors R1-Rn+l, a second set of resistors Rx1-Rxm, switches
SW1-SWn, a control circuit 2 that forms a control means and
controls the switches SW1-SWn and other elements. The control
circuit 2 closes only one of the switches SW1—Sﬁn. The
resistors Rxl-Rxm are fabricated on a semiconductor substrate,
and generally consist of poly silicon, thin-film resistors,
diffused resistors, Qf other resistive elements. In this
embodiment, all the junctions of the resistors R1-Rn+1 can be
connected with the inverting input terminal of the operational
amplifier 1 by the switches SW1-Swn.

Another general example of the variable-gain amplifier
circuit is shown in Fig. 2..This circuit éomprises an
operational amplifier 1, a first set of resistors R1-Rn+l, a
second set of resistors Rxl1-Rxm, switches SW1-SWi, a control
circuit 2 forming a control means and controlling the switches
SW1-SWi and other components. Also, in this case, the control
circuit 2 closes only one of the switches SW1-SWi at all times.
In this embodiment, some of the resistors of the second set are
connected with the junctions of the resistors to which no

switches are connected. Specific examples of the circuits
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. shown in Figs. 1 and 2 are given below.

First, a specific example of the circuit shown in Fig. 1 is
described. For simplicity, it is assumed that the first set of
resistors consists of three resistors and that two switches are
mounted. This is described in detail by referring to Fig. 3.

In this example, the first set of resistors éonsists of
resistors Rl, R2 and R3 connected in series. One end of the
-resistor R3 is connected with. the output of the operational
amplifier 1. One eﬂd of the resistor Rl is connected with a
signal-input terminal Vin. The second set of resistors
consists of a resistor Rxl. One end of this resistor Rxl is
connected with the signal-input terminal Vin, while the other
end is connected with the junction of the resistors R2 and R3. A
switch SW1 is inserted between the junction of the resistors Rl
and R2 and the inverting input terminal of the amplifier 1.
Another switch SW2 is inserted between the junction of the
resistors R2 and R3 and the inverting input terminal of the
amplifier 1. It is to be noted that the same cbmponents are
indicated by the same reference numerals in various figures.

In this configuration, where ideal gains of 25 dB and 20 dB
should be obtained by closing the switches SW1 and Sw2,
respectlively « the resistance ratios of the resistors R1, R2, R3
and Rx1 should be set as listed in the tables of Figs. 4(a) and
4(b),.respectively. These various resistance ratios are
obtained where the minimum resistance is set to 1. Generally,

however, the ideal gains derived from the determined
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resistance ratios and providing amplification should be given
allowances. In this and the following examples, the gains
determined for the ideal gains permit allowances of =* 0.2 dB.

A comparative example is given in Fig. 5, and comprises a
circuit that has the séme gain as the circuit shown in Fig. 3
but fabricated by the prior art technique. In this case, Eq. (5)
above holds. The resistor R2 becomes the minimum resistance.
The resistance values of the resistors are given in the table of
Fig. 6. The resistance ratios of the various resistors are
found, assuming that the minimum resistance is 1, in the same
way as in Figs. 4(a) and 4(b).

As can be seen by comparison of the total resistances given
in Tables of Figs. 4(a), 4(b) and 6, the required total
resistance in the present embodiment can be set about 11.9 or
10.8 times as large as the minimum resistance, while the total
resistance required for the prior art configquration is about
26.5 times as large as the minimum resistance. There_fore, the
area of the circuit occupied by the resistors can be reduced
greatly. Where the same area is used for the resistors as in the
prior art technique, greater gains providing amplification can
be obtained.

In the confiquration shown in Fig. 3, if ideal gains of 60 dB
and 40 dB should be obtained by closing the switch SW1 and Sw2,
respectively, the resistance ratios of the resistors R1, R2, R3
and Rx1 should be set as listed in the tables of Figs. 7(a) and

7(b), respectively. These various resistance ratios are
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obtained where the minimum resistance is set to 1.

Where the same gains providing amplification as the
foregoing should be obtained using the circuit shown in Fig. 5,
Egq. (7) above holds. The resistor Rl becomes the minimum
resistance. The resistance values of the various resistors are
listed in the table of Fig. 8. The resistance ratios of the
various resistors are found, assuming that the minimum
resistance is 1, in the same way as in Fig. 4.

As can be seen by comparison of the total resistances given
in Tables of Figs. 7(a), 7(b) and 8, the required total
resistance in the present embodiment can be set about 131.3 or
147.6 times as large as the minimum resistance, while the total
resistance required for the prior art configuration is 1001
times as large as 1_:he minimum resistance. Therefore, the area
of the circuit occupied by the resistors can be reduced greatly.
Where the same area is used for the resistors as in the prior
art techniqué, greater gains providing amplification can be

obtained.

Examples in which four resistors are used as the first set of
resistors and three switches are mounted are next described in
detail by referring to Figs. 9 and 10.

In Figs. 9 and 10, the first set of resistors consists of
resistors R1l, R2, R3 and R4 connected in series. One end of the
resistor R4 is connected with the output of an operational
amplifier 1. One end of the resistor Rl is connected with a

signal-input terminal Vin.
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In Fig. 9, the second set of resistors consists of a resistor
Rx1 whose one end is connected with a signal-input terminal Vvin,
the other end being connected with the junction of the
resistors R3 and R4. A switch SW1 is inserted between the
junction of the resistors Rl and R2 and the inverting input
terminal of the operational amplifier 1. Another switch SW2 is
connected between the junction of the resistors R2 and R3 and
the inverting input terminal of the amplifier 1. A further
switch SW3 is placed between the junction of the resistors R3
and R4 and the inverting input terminal of the amplifier 1.:

In Fig. 10, the second set of resistors consists of a
resistor Rx1l whose one end is tied to a signal-input terminal
Vin, the other being connected with the junction of the
resistors R2 and R3. A switch SW1 is connected between the
junctions of the resistors Rl and R2 and the inverting input
terminal of the operational amplifier 1. Another switch SW2 is
inserted between the junction of the resistors R2 and R3 and the
inverting input terminal of the amplifief 1. A further switch
SW3 is placed between the junction of the resistors R3 and R4
and the inverting input terminal of the amplifier 1.

In this configuration, where ideal gains of 40 dB, 35 dB and
30 dB should be obtained by cloging the switch SW1, SW2 and Sw3,
respectively, the resistance ratios of the resistors R1, R2, R3,
R4 and Rx1l should be set, for example, as listed in the tables
of Figs. 11(a) and 11(b). The table of Fig. 1ll(a) shows an

example of adopting the structure of Fig. 9. The table of Fig.
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11(b) shows an example of adopting the structure of Fig. 10. In

either case, the various resistance ratios are obtained under
the condition that the minimum resistance is set to 1.

Where the prior art technique is used, the circuit is
designed as shown in Fig. 12. Where the same ideal gains should
be obtained as the foregoing, Eq. (5) above holds. The resistor
R2 becomes the minimum resistance. The resistance values of the
various resistors are listed in the table of Fig. 13. The
resistance ratios are found, assuming that the minimum
resistance is 1, in the same way as in Fig. 4.

In the configurations shown in Figs. 9 and 10, where ideal
galns of 40 dB, 20 dB and 0 dB should be obtained by closing the
switch SW1, SW2 and SW3, respectively, the resistance ratios of
the resistors R1, R2, R3, R4 and Rxl should be set as listed in
the tables of Figs. 14(a) and 14(b). Also, in this casé, the
various resistance ratios are obtained under the condition
that the minimum resistance is set to 1.

Where the same ideal gains as the forego:fng should be
obtained, using the circuit shown in Fig. 12, to provide
amplification, Eq. (7) holds, and the resistor R1 becomes the
minimum resistance. The various resistors assume resistance
values as listed in the table of Fig. 15. Again, the various
resistance values are found, assuming that the minimum
resistance is 1.

An example in which seven resistors are used as the first set

of resistors and six switches are mounted is next described in
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detail by referring to Fig. 16. Especially, the manner in which
various resistance ratios are determined is described in-
detail.

In Fig. 16, the first set of resistors consists of resistors
R1-R7 connected in series. One end of the resistor R7 is
connected with the output of an operational amplifier 1. One
end of the resistor Rl is connected with a signal-input |
terminal Vin. The second set of resistors consists of resistors
Rxl and Rx2. One end of the resistor Rxl is connected with the
signal-input terminal Vin, while the other end is connected
with the junction of the resistors R4 and R5. One end of the
resistor RX2 is connected with the input terminal Vin, whereas
the other end is connected with the junction of the resistors R2
and R3. A switch SW1 is connected between the junction of the
resistors Rl and R2 and the inverting input terminal of the
operational amplifier 1.- Similarly, other switches SW2~-SW6 are
connected between their respective junctions of the resistors
R2-R7 and the inverting input terminal of the ampl.if ier 1.

In this configuration, the switches SW1-SW6é are closed in
turn to produce ideal gains of 50 dB, 40 dB, 30 dB, 20 dB, 10 dB
and 0 dB, respectively.

When the switch SW4, SW5, or SW6 is closed, the circuit of
Fig. 16 is equivalent to the circuit shown in Fig. 17. Similarly,
when the switch SW2 or SW3 is closed, the circuit of Fig. 16 is
equivalent to a circuit shown in Fig. 18. When the switch SW1 is

closed, the circuit of Fig. 16 is equivalent to a circuit shown
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in Fig. 19.

For example, when the switch SW6 is closed, the resistor R2
of Fig. 17 is equivalent to the resistor R7 of Fig. 16, and the
resistor rl of Fig. 17 is equivalent to the composite resistor
of the resistors R1-R6, Rxl and Rx2 of Fig. 16. Similarly,
when the switch SW3 is closed, the resistor r3 of Fig. 18 is
equivalent to (R5 + R6 + R7), the resistor r2 is equivalent to
R4, the resistor rxl is equivalent to Rx1l, and the resistor ril
is equivalént to the composite resistance of R1, R2, R3 and Rx2.

The gain of the amplifier circuit shown in Fig. 17 is given by

—%-;:20*1;08]0(‘{1‘) (14)

tn n
The gain of the amplifier circuit shown in Fig. 18 is given by

-1

V -
o n
v, =20* Log,, ,31:('__,_’_3) (15)
".‘—3—L+;;+ 2
rxl

The gain of the amplifier circuit shown in Fig. 19 is given by

v 7

—2t - 20* o 4

V, Sl 1 thAR) (i) n) ntntatn) +r (16)
. 1 2 3

& e Xt

Egs. (14)-(16), the ideal gain obtained by selectively
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closing the switches, and the allowance given to the ideal gain
that provides amplification determine the resistance ratios of
the resistors R1-R7, Rxl and Rx2 and which of the resistors
gives the minimum resistance. However, it is necessary that
some of these resistors R1-R7, Rx1l and Rx2 be previously set to
arbitrary values. f‘or example, if the values of the resistors
R7, (R1+R2) and (R3+R4) are previously set, the resistance
ratios of the resistors R1-R7, Rxl and Rx2 are determined. This,
in turn, determines the gain having some tolerance to the ideal
gain. One example of a set of resistance ratios is shown in the
table of Fig. 20. In this table, the various resistance ratios
are determined, assuming that the minimum resistance is 1.

Fig. 21 shows a configuration fabricated by the prior art
technique. Where the same ideal gains as the foregoing should
be obtained, Eq. (5) above holds, and the resistor Rl becomes
the minimum resistance. The resistance values of the various
resisfors are listed in the table of Fig. 22. Also, in thj.s case,
the various resistance values are determined, assuming that
the minimum resistance is 1.

In this way, the total resistance required by the prior
method is about 313 times as large as the minimum resistance. In
contrast, in the present invention, the required total
resistance is only about 31 times as large as the minimum
resistance.

Fig. 23 shows an example in which the first set of resistors

consists of eight resistors R1-R8, the second set of resistors
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consists of ﬁwo resistors Rxl and Rx2 and seven switches
SW1-SW7. are mounted.

It is assumed that closing the switches SW1-SW7 of this
configuration in turn produces ideal gains of 30 dB, 25 dB, 20
dB, 15 dB, 10 dB, 5 dB and 0 dB, respectively. The resistance
ratios of the resistors R1-R8, Rx1 and Rx2 may be set as listed
in the table of Fig. 24, for example.

Where the prior art technique is utilized, a cénfiguration
as shown in Fig. 25 is obtained. Where the same ideal gains as
the foregoing should be obtained, Eq. (7) above holds, and the
resistor R2 becomes the minimum resistance. The various
resistors assume resistance values as listed in the table of
Fig. 26. Also, in this case, the resistance ratios of the
various resistors are determined, assuming that thé minimum
resistance is 1.

Figs. 27 and 28 show examples in which the first set of
resistors consists of five resistors R1-R5, the second set of
resistors consists of one resistor Rxl, and four switches
SW1-SW4 are mounted.

It is assumed that closing the switches SW1-SWw4 of this
configuration in turn produces ideal gains of 40 dB, 25 dB, 20
dB and 0 dB, respectively} The resistance ratios of the
resistors R1-R5 and Rxl may be set as listed in the tables of
Figs. 29(a), and 29(b), which correspond to Figs. 27 and 28,
respectively.

Where the prior art technique is utilized, a configuration
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as shown in Fig. 30 is obtained. Where the same ideal gains as
the foregoing should be obtained, the resistance values of the
varJ:.ous resistors are set as 1-isted in the table of Fig. 31.
Also, in this case, the resistance ratios of thé various
resistors are determined, assuming that the minimum resistance
is 1.

It is assumed fhat closing the switches SW1-SW4 of the
configurations of Figs. 32 and 33 in turn produces ideal gains
of 32 dB, 26 dB, 22 dB and 20 dB, respectively. The resistance
ratios of the various resistors may be set as listed in the
tables of Figs. 34(a) and 34(b), which correspond to Figs. 32
and 33, respectively. Fig. 33 shows a specific example of the
circuit shown in Fig. 2, and in which one end of each of
resistors of the second set is connected to junctions of the
resistors between the resistors that are connected with no
switch.

Where the prior art technique is utilized, a
configuration as shown in Fig. 35 is obtained. Where the same
ideal gains as the foregoing should be obtained, the resistance
values of the various resistors are set as listed in the table
of Fig. 36. Also, in this case, the resistance ratios of the
various resistors are determined, assuming that the minimum
resistance is 1.
| It is assumed that closing the switches SW1-SW8 of the
configuration shown in Fig. 37 in turn produces ideal gains of

70 dB, 60 dB, 50 dB, 40 dB, 30 dB, 20 dB, 10 dB and 0 dB,
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respectively. The resistance ratios of the resistors may be set
as listed in the table of Fig. 38, for example.

Where the prior art technique 1is utilized, a
configuration as shown in Fig. 39 is obtained. Where the same
ideal gains as the foregoing should be obtained, the resistance
values of the various resistors are set as listed in the table
of Fig. 40. Also, in this case, the resistance ratios of the
various resistors are determined, assuming that the minimum
resistance is 1.

In this way, the ratio of the total resistance to the minimum
resistance can be made smaller than heretofore. Therefore,
where a resistor is fabricated from a semiconductor resistive
element whose minimum resistof size is limited, the area of the
resistor portion can be made small. Where the éame area as used
conventionally is used, greater gain providing amplification
is obtained.

In the above examples, the first set of resistors.consists
of 3 to 9 resistors, and the secondl set of resistors consists of
1 to 3 resistors. Some combinations of them are used in the
descriptions of the above examples.

It is to be noted that the foregoing examples merely

constitutes exemplary embodiments of the present invention. In,

Fig. 1, the number of resistors of the first set (n+l) and the

number of switches n are determined according to the required-

number of steps. The number of resistors of the second set m can

be increased up to n-2. The positions of their junctions can be
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set at will between the junction of the resistors R2 and R3 and'
the junction of the resistors Rn and Rn+1.

The obtained- gain of the circuit shown in Fig. 1 can be
expressed in terms of the above equations using the values of
the various resistors, irrespective of the design.of the
circuit. The resistors can be set to appropriate values
accordinc__; to these equations.

We have derived a general formula (using n and m) expressing
the relafion of each resistance value to the gain of the
configuration shown in Fig. 1. Since this general formula has
an exorbitant number of items and can never be presented in this
specification, this formula is omitted herein.

In the circuit shown in Fig. 2, the number of resistors, the
junctions, and the various resistance values can be
appropriately set. Examples of the variable-gain amplifier
circuit have been presented thus far. Examples of a
variable-gain attenuator circuit are given below.

Figs. 41 and 42 show examples of a variable-gain attenuator
circuit in accordance with the invention. In the variable-gain
amplifier circuit described above, one end of each of the
resistors Rxl-Rxm of the second set is connected with the
signal-input terminal Vin. In contrast, in the variable-gain
attenuator circuits shown in Figs. 41 and 42, one end of each of
the resistors is connected with the output of the operational
amplifier 1. These attenuator circuits shown in Figs. 41 and 42

are similar to the above-described variable-gain amplifier



30

circuit in other respects.

First, a specific example of the circuit shown in Fig. 41 is
desc;:ibed. It is assumed that ideal gains of 2.0 dB and 25 dB
are obtained by closing switches SW1 and SW2 of an amplifier
circuit shown in Fig. 43. The resistance ratios of these
resistors may be set, for example, as listed in the tables of
Figs. 44(a) and 44(b) for these gains, respectively.

Where the prior art technique is wutilized, a

configuration as shown in Fig. 45 is obtained. Where the same-

ideal gains as the foregoing should be obtained, the resistance
values of the various resistors are set as listed in the table
of Fig. 46. Also, in this case, the resistance ratios of the
various resistors are determined, assuming that the minimum
resistance is 1.

It is assumed that closing the switches SW1 and SW2 of the
configuration shown in Fig. 43 in turn produces ideal gains of

-40 dB and -60 dB, respectively. The resistance ratios of the

resistors may be set as listed in the tables of Figs. 47(a) and’

47 (b) for these gains, respectively.

Where the same ideal gains as the foregoing should be
obtained with the conventional structure shown in Fig. 45, the
various resistors assumed resistance values as listed in the
table of Fig. 48. Also, in this case, the resistance ratios of
the various resistors are determined, assuming that the
minimum resistance is 1.

It is assumed that closing the switches SW1-SW3 of the
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configurations shown in Figs. 49 and 50 in turn produces ideal
gains of -30 dB, -35 dB and -40 dB, respectively. The resistance
ratios of the resistors may be set as listed in the tables of
Figs. 51(a) and 51(b) for these gains, respectively. Figs.
51(a) and 51 (b) correspond to Figs. 49 and 50, respectively.

Where the prior art technique is utilized, a
configuration as shown in Fig. 52 is obtained. Where the same
ideal gains as the foregoing should be obtained, the resistance
values of the various resistors are set as liéted in the table
of Fig. 53. Also, in this case, the resistance ratios of the
various resistors are determined, assuming that the minimum
resistance is 1.

It is assumed that closing the switches SW1-SW3 of the
configurations shown in Figs. 49 and 50 in turn produces ideal
gains of 0 dB, -20 dB and -40 dB, respectively. The resistance
ratios of the resistors may be set as listed in the tables of
Figs. 54(a) and 54(b) for these gains, respectively. Figs.
54 (a) and 54 (b) correspond to Figs. 49 and 50, respectively.

Where the prior art technique is utilized, a
configuration as shown in Fig. 52 is obtained. Where the same
ideal gains as the foregoing should be obtained, the resistance
values of the various resistors are set as listed in the table
of Fig. 55. Also, in this case, the resistance ratios of the
various resistors are determined, assuming that the minimum
resistance is 1.

An example of using seven resistors as the first set of
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resistor and mounting six switches is described in further
"detail by referring to Fig. 56. Especially, the manner in which
the various resistance ratios are determined is described in
greater detail.

In Fig. 56, the first set of resistors consists of
resistors R1-R7 connected in series. One end of 1-;he resistor R7
is connected with the output of an operational amplifier 1. One
end of the resistor R1 is connected with a signal-input
terminal Vin. The second set of resistors consists of Rx1 and
Rx2. One end of the resistor Rxl is connécted with the oﬁtput of
the amplifier 1, while the other end is connected with the
junction of the resistors R3 and R4. One end of the resistor Rx2
is connected with the output of the amplifier 1, whereas the
other end is connected with the junction of the resistors R5 and
R6. A switch SWl is connected between the junction of the
resistors Rl and R2 and the inverting input terminal of the
operatiohal amplifier 1. Similarly, other switches SW2-SW6 are
connected between their respective junctions of the resistors
R2-R7 and the inverting input terminal of the amplifier 1.

It is assumed that closing the switches SW1-SWé of this
configuration in turn produces ideal gains of 0 dB, -10 dB, -20
dB, -30 dB, -40 dB and ~50 dB, respectively.

When the switch SW1l, SW2, or SW3 is closed, the circuit of
Fig. 56 is equivalent to a circuit shown in Fig. 57. Similarly,
when the switch SW4 or SW5 is closed, the circuit of Fig. 56 is

equivalent to a circuit shown in Fig. 58. When the switch SW6 is
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closed, the circuit of Fig.‘ 56 is equivalent to a circuit shown
in Fig. 59.

For example, when‘the switch SW1 is closed, the resistor Rl
of Fig. 57 is equivalent to the resistor Rl of Fig. 56, and the
resistor r2 of Fig. 57 is equivalent to the composite resistor
of the resiétors R2-R7,; Rxl and Rx2 of Fig. 56. Similarly, when
the switch SW4 is élosed, the resistor rl of Fig. 58 is
equivalent to (R1 + R2 + R3), the resistor r2 is equiiralent to
R4, the resistor rxl is equivaleni_: to Rxl, and the resistor r3
is equivalent to the composite resistor of R5, R6, R7 and Rx2.

The gain of the circuit shown in Fig. 57 is given by

.V;'L_-: 20*[:0&0(.';2.) (17)
v, r

in 1

The gain of the circuit shown in Fig. 58 is given by

Vo I
~2.=20*% Lo 3
Ve gw"’i‘("z +n) (18)

+n+r,
1 1 2

The gain of the amplifier circuit shown in Fig. 59 is given by

V
—“—‘=20*Logl0

(2]

r4
n*(n+n +r4)+(r1 +n)*( +r4)+r, n*ntrn)
rx, rx, rx, *rx,

(19)

+n+n+rn
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Egs. (17)-(19), the ideal gain obtained by selectively
closing the switches, and the allowance given to the ideal gain
that provides attenuation deterﬁine the resistance ratios of
the resistors R1-R7, Rx1 and Rx2 and which of resistors becomes
the 'minhnum resistance. However, it is necessary that some of
these resistors R1-R7, Rxl and Rx2 be previously set to any
values. For example, if the values of the resistors R1, (R4+R5)
and (R6+R7) are previously set; the resistance ratios of the
resistors R1-R7, Rxl and Rx2 are determined. This, in turn,
determines the ideal gain to some tolerance. One example of a
set of resistance ratios is shown in the table of Fig. 60. In
this table, the various resistance ratios are determined,
assuming that the minimum resistance is 1.

Where the prior art technique is utilized, a
configuration as shown in Fig. 61 is obtained. Where the same
ideal gains as the foregoing should be obtained, the resistance
values of the various resistors are set as listed in the table
of Fig. 62. Also, in this case, the resistance ratios of the’
various resistors are determined, éssuminé that the minimum
resistance is 1.

In this embodiment, the total resistance required by the.
prior method is about only 31 fimes as large as the minimum
resistance. In contrast, in the prior art method, the required
total resistance is about 313 times as large as the minimum
resistance.

It is assumed that closing the switches SW1-SW7 of the
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configurafion shown in Fig. 63 in turn produces ideal gains of 0
dB, -5 dB, -10 dB, - 15 dB, -20 dB, - 25 dB and -30 dB,
respectively. The rgsistance rétios of the resistors R1-RS8,
Rx1 and Rx2 may be set as given in the table of Fig. 64.

Where the prior art technique is utilizéd, a
configuration as shown in Fig. 65 is obtained. Where the same
ideal gains as the foregoing should be obtained, the various
resistors assume resistance values as listed in the table of
Fig. 66. Also, in this case, the resistance ratios of the
various resistors are determined, assuming that the minimum
resistance is 1.

It is assumed that closing the switches SW1-SW4 of the
configurations shown in Figs. 67 and 68 in turn produces ideal
gains of 0 dB, -20 dB, - 25 dB and -40 dB, respeqtively. The
resistance ratios of the resistors R1-R5 and Rxl may be set as
listed in the tables of Figs. 69(a) and 69(b) for these gains,
respectively. Figs. 69(a) and 69(b) correspond to Figs..67 and
63, respectively.

Where the prior art technique is utilized, a
configuration as shown in Fig. 70 is obtained. Where the same
ideal gains as the foregoing should be obtained, the various
resistors assume resistance values as listed in the table of
Fig.71. Also, in this case, the resistance ratios of the
various resistors are détermined, assuming that the minimﬁm
resistance is 1.

It is assumed that closing the switches SW1-SW4 of the
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configurations shown in Figs. 72 and 73 in turn produces ideal
gains of -20 dB, - 22 dB, - 26 dB and -32 dB, respectively. The
resistance ratios of the resistors may be set as listed in the
tables of Figs. 74(a) and 74(b) for these gains, respectively.
Figs.' 74(a) and 74(b) correspond to Figs. 72 and 73,
respectively. Fig. 73 shows a specific example of the circuit
shown in Fig. 42.

Where the prior art technique is ﬁtilized', a
configuration as shown in Fig. 75 is obtained. Where the same -
ideal gains as the foregoing should be obtained, the varioﬁs
resistors assume resistance values as listed in the table of
Fig.76. Also, in -this case, the resistance ratios of the
various resistors are determined, assuming that the minimum
resistance is 1.

It is assumed that closing the switches SW1-SW8 of the
configuration shown in Fig. 77 in turn produces ideal gains of 0
dB, -10 dB, -20 dB, -30 dB, -40 dB, -50 dB, -60 dB and 70 dB,
respectively. The resistgnce ratios of the resistors may be set,
for example, as listed in the table of Fig. 78.

Where the prior art technique is utilized, a
configuration as shown in Fig. 79 is obtained. Where the same
ideal gains as the foregoing should be obtained, the various
resistors assume resistance values as listed in the table of
Fig. .80. Also, in this case, the resistance ratios of the
various resistors are determined, assuming that the minimum

resistance is 1.
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In this way, the ratio of the total resistance to the minimum
resistance can be made smaller than heretofore. Therefore,
where a resistor is fabricated from a semiconductor resistive
element whose minimum resistance size is limited, the area of
the resistive portion can be made small. Where the same area as
used conven'tionally is used, greater gain providing
attenuation is obtained.

In the above examples of the variable-gain attenuator
circuit, the first set of resistors.consists of 3 to 9 resistors,
and the éecond set of resistors consists of 1 to 3 resistors, in
the same way as in the aforementioned examples of the
variable-gain amplifier circuit. Some combinations of them are
given in the descriptions of the above examples.

It is to be noted that the foregoing merely constitutes
exemplary embodiments of the invention. In Fig. 41, the number
of resistors of the first set (n+1) and fhe number of switches n
are determined according to the required number of steps. The
number of resistors of the second step m can be in'creaéed up to
n-2. The positions of their junctions can be set af will between
the junction of the resistors R2 and R3 and the junction of the
resistors Rn and Rn+1. |

The obtained gain of the circuit shown in Fig. 41 can be
expressed in terms of the above eqﬁations, using the vaiues of
the various resistors, irrespective of the design .of the
circuit. The resistors can be set to appropriate values

according to these equations.
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We have derived a general formula (using n and m) expressing
tﬁe relation of each resistance value to the gain of the
configuration shown in Fig. 41. Since this general formula has
an exorbitant number of items and can never be 'given in this
specification, this formula is omitted herein.

In the circuit shown in Fig. 42, the number of resistors, the
positions of the junctions, and the various resistance values
can be appropriately set.

For the same gain, the present invention caﬁ make smaller
the ratio of the total resistance to the minimum resistance
than heretofore. Therefore, where a resistor is fabricated
from a semiconductor resistive element whose minimum
resistance size is limited, the area of the resistivé portion
can bé made smaller. For the same area used, greater gain

providing amplification or attenuation is obtained.
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WHAT IS CLAIMED IS:

1. Avariable-gain amplifier circuit comprising:

an operational amplifier having a gain and containing an
inverf.ing input terminal and an output terminal;

a first set of resistors fabricated on a semiconductor
substrate, said res_istors being connected in series, each of
' said resistors of said first set having a first end connected
with the output terminal of said operational amplifier, each of
said resistors of said first set having a second end forming a
signal-input terminal of said variab_le-g'ain amplifier circuit,
said resistors of said first set being connected to each other
at junctions, all or some of said junctions forming first
connectable junctions capable of being- connected with said
inverting ihput terminal of said operational amplifier;

a second set of resistors fabricated on said
semiconductor substrate, each of said resistors of said second
set  having a first end connected with said signal-input
terminal and a second end connected with a respective one of
said junctions of said resistors of said first set;
and

a control means for controlling connection of said first
connectable junctions with said inverting input terminal of
said operational amplifier to control the gain of the
operational amplifier.

2. Avariable-gain attenuator circuit comprising:

an operational amplifier having a gain and containing an

T L
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inverting input terminal and an output terminal;

a first set of resistors fabricated on a semiconductor
substrate, said resistors being connected in series, each of
said resistors of said first set having a first end connected
with the output terminal of said operational amplifier, each of
said resistors of said first set having a second end forming a
signal-input terminal of said variable-gain attenuator
circuit, said resistors of said first set being connected to
each other at junctions, all or some of said junctions forming
first connectable junctions capable of being connected with
said inverting input terminal of said operational amplifier;

a second set of resistors fabricated on said
semiconductor substrate, each of said resistors of said second
set having a first end connected with the output terminal of
said operational amplifier and a second end connected with a
respective one of said first connectable junctions; and

a control means for controlling connection of said first
connectable junctions with said inverting input terminal to

control the gain of the operational amplifier.
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