conversion circuit, and nore particularly but not exclusively to |
.voltage to current conversion circuit for suitable for use in an active
filter. Conventional filters for use in electrical circuits such as filters
are typically constructed in LC circuits by using inductor and capacitor
elenments. In recent years, a mniaturization of circuits has been

i ncreasi ngly denanded, w Nt~ Ofipri rating technol ogy. To
cope with such a demand, QEREQ?F§3¥¢$f§§$ %8sépgg§ﬁ?o be incorporated in
such an integrated circuit hascBﬁ@ERSION CIRCUIT

. .’
Te presentb invention relates generally to a variable voltage to curé@_ﬂa-g

The present invention relates generally to a variable
veltage to current conversion circuit, and more particularly
but not exclusively,-to a variable voltage to current ‘corvérsion
circuit for suitable for use in an active filter.

Conventional filters for use in electrical circuits
such as filters are typically constructed in LC circuits by
using inductor and capacitor elements. In recent yvears, a
miniaturization of circuits has been increasingly demanded,
with the advancement of integfating technology. To cope
with such a demand, an active filter possible to be
incorporated in such an integrated circuit has been
developed. In order to construct this type of filter, a
filter time constant must be set hsing a resistance and a
capacitance. However, devices which define the time
constant are not sufficiently precise in the interior of an
IC. Therefore, an accuracy of the time bonstant is
increased by making a current flowing through the devices,
etc. , variable. As a circuit which is most effective for
varying'the current, there is known a voltage to current
conversion circuit called as Gilbert cell or a Gilbert
circuit.-

FIGURE 1 shows a typical example of & variable
voltage to current conversion circuit using the Gilbert
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devel oped. In order to construct this type of filter, a filter tine
constant nust be set using a resistance and a capacitance. However, devices
whi ch.define the tine constant are not sufficiently precise in the interior
of an IC. Therefore, an accuracy of the time constant is increased by
making a current flow ng through the devices, etc. , variable. As a circuit
which is nost effective for varying the current, there is known a voltage
to currentgcgpnyversion circuit called as Glbert cell or a Gl bert
circuit. FIGURE 1 shows a typical exanple of a wvariable
In FIGURE 1, differentially related voltages V1 and V2
are supplied to input terminals 11 and 12, respectively.
The input terminals 11 and 12 are connected to the bases of
differentially paired transistors Q1 and Q2. The collector
of the transistor Q1 is connected to a'power line Vcc, while
its emitter is connected to the connection node of the
collector and the base of a diode-fashion transistor Q3 and
also to the base of a transistor Q5, through a resistor Ri11.
The collector of the transistor Q2 is connected to the
power line Vcc, while its emitter is connected to the
connection node of the collector and the base of a diode-
fashion transistor Q4 and also to the base of a transistor
Q6, through a resistor R12. The emitters of the transistors
Q3 and Q4 are grounded commonly through a current source
I11. Also the connection node of the emitters of the
transistors Q5 and Q6 is grounded through a current source
I12. The collector of the transistor Q5 is connected to the
power line Vcc. While the collector of the transistor Q6 is
connected to the power line Vcc, and also to an output
terminal 13.
In the variable voltage to current conversion circuit
as described above, a differential input is given by Vin
{Vin = V1 - V2). A current flowing through the transistor

Q1 is given by il. A current flowing through the transistor

Q2 is given by —-il. Further, a current flowing through the

This Sheet Has Been Re)

NN



voltage to current conversion circuit using the Gl bert -2- cell. In
FIGURE 1, differentially related voltages V1 and V2 are supplied to input
‘term'nals 11 and 12, respectively. The input termnals 11 and. 12 are
connected to the bases of differentially paired transistors QL and 2. The
collector of the transistor QL is connected to a power |line Vcc, while

transistor Q5 is given by i2. A current flowing through the
transistor Q6 is given by -i2. And a potential difference
AV between the bases of the transistors Q5 and Q6 will be in
the relation shpwn by the following equation:

AV = Vt.Log-n [{i11/2 + il1}/is]

- Vt.Log-n [{i11/2 - i1}/is}

Vt.Log—n [{i12/2 + i2}/is]
- Vt.Log-n [{i12/2 - i2}/is] .. (1)
In the equation (1), the Vt is a thermal voltage
constant, the 1Sis a transistor saturation current having
the same value over all transistors. Under the balanced
state {(AV = 0), currents ill and il2 supplied from the
current sources I1l1 and 112 differentially flow by each the
1/2 of the total currents. From the equation (1), the
current i2 given as the following equation (2). -
i2 = {i12/i11)i1 ... (2)
On the other hand, when the equivalent emitter
resistances of the tramsistors Q1, Q2, Q3 and Q4 are all
given as re, the current il is obtained from the following
equation.
il = Vin/(r11 + ri2 + 4re) ... {3)
In the equation {3}, the rl1l and rl2 represent the
resistance of the resistors R11 and R12. Also the re
represents the emitter resistance of the transistors. From
the equafions (1) and (2), the current i2 is given by the

following equation.

——— -3 -
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its emtter is connected to the connection node of the collector and the
base of a di ode-fashion transistor B and also to the base of a transistor
@, through a resistor R11. The collector of the transistor 2 is connected
to the power line Vcc, while its emtter is connected to the connection
node of the collector and the base of a diode- fashion transistor 4 and

al so to the base of a transistor B, through a resistor R12. The emtters
of the transistord2@ Yda/dMrdde gFéanﬁeﬁrEbﬁﬁﬁﬁfyl?h}ough a currerdt*)source
[11. Also the connectlon node of the emtters of the tranilstors @@ and QB
i s grounded t hFBd§hvd1ldubPeepmesgdpest an output current. ee

from the equation (4), to vary the resistance component (rill
+ 1r12 + 4re){i11/112) constituting the filter time constant
using a voltage to current converter, it is possible by
changiﬁg the current i12 of the current source 112.

In the circuit described above, the transistors Q3
through Q6 comprise a Giibert cell and this Gilbert cell is
ideally used as a convenient current converter as shown in
equation {(2). However, there are such large problems that
as P-N junction logarithmic compressed voltage by the
transistors 63 and Q4 was exponentially expanded by the
transistors Q5 and Q6, it -islargely affected by
characteristics of semiconductors, mixing of noise is
unavoidable and DC balance is bad. In particular, when
composing an active filter, an S/N ratio is deteriorated
largely as signal must go through this type of circuit by
the amount of that.exponent. The smaller a signal level is,
the more this phenomenon becomes disadvantageous. On the
contrary, however, when a signal level is increased,
distortion will increase as a gap between a logarithmic and
exponential correction comes to appear intensely.

When signal is passed through a voltage to current
converter which uses a Gilbert cell as described above,

S/N ratio is deteriorated, and also . DC balance is

deteriorated too.

— . S - 4 -
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112. The collector of the transistor @ is connected to the power |ine Vcc.
Wiile the collector of the transistor Q6 is connected to the power |ine
Vcc, and also to an output termnal 13. In the variable voltage to current
conversion circuit as described above, asdifferential input is given by Vin
(Vin = V1 - V2). A current flowng through the transistor QL is given by
i1. Acurrent flowrRg pheeeab ifiGehtidsi SherefPré ssgpkencdyprodid&uat her, a

current flomﬁggriggfgggoiggge to current conversion circuit which is
capable of largely reducing characteristic
deterioration caused by a Gilbert cell.

5 According to the present invention there is
provided a variable voltage to current conversion
circuit comprising a voltage to current converter, a
gain controllable current converter coupled to the
voltage to current converter and an adder coupled to

10 the voltage to current converter and the gain
controllable current converter.

In an advantageous embodiment of the invention the
voltage to current convertor has first and second
transistors supplied with differentially related

15 wvoltages, a diode-fashion third transistor connected to
the first transistor through a first resistor, a diode-
fashion fourth transistor connected to a second
transistor through a second resistor, and a first
current source coupled to the third and the fourth

20 +transistors, the gain controllable current converter
has the diode-fashion third transistor, the diode-
fashion fourth transistor and the first current source
which are shared with the voltage to the current

_converter, and a fifth and a sixth transistors

25 comnected to the third and fourth transistors and to a
second current source, and the adder has a third
current source coupled to the second and the sixth
transistors. According to the above construction, an
output current from the outbut section is composed of a

30 signal component passing through a path having

characteristics of a

ﬂﬁsmanB&n&ﬁ
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-3- transistor B is given by i2. A current flow ng through the transistor
@B is given by -i2. And a potential difference [err] between the bases of
the transistors @ and Q@ will be in the relation shown by the follow ng
equation: [err] In the equation (1), the t is a thernmal voltage constant,
the isis a transistor saturation current having the sane val ue over al
transi stors. Under the bal anced state [err], currents ill and i12 supplied

fromthe logarithmic compression and an exponential expansion by

semiconductor characteristics, and a signal component simply
current-converted through the collector of the second
transistor. Thus the deterioration of the signal component
experienced the logarithmic compression and the exponential
expansion may be decreased.

For a better understanding of the present invention and
many of the attendant advantages thereof reference will be
now be made by way of example to the accompanying drawings,.
wherein:

FIGURE 1 is a circuit diagram showing a conventional
variable voltage to current conversion circuit;

FIGURE 2 is a circuit diagram showing a preferred
embodiment of the present invention; and

FIGURE 3 is a block diagram representation of the
circuit as shown in FIGURE 2.

Referring noﬁ to FIGURES 2 and 3, a preferred
embodiment of the variable voltage to current conversion
circuit according to the present inventiom will be described
in detail. FIGURE 2 shows a preferred embodiment of the
present invention, while FIGURE 3 shows a block diagram
representation of the circuit of FIGURE 2.

In FIGURE 2, input terminals 21 and 22 are supplied
with differentially related voltages V1 and V2. The input
terminals 21 and 22 are connected to the bases of a

differentially paired transistors Q21 and Q22. The
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cukrent sources Ill and 112 differentially flow by each the 1/2 of the
total currents. Fromthe equation (1), the current 12 given as the
fol |l owi ng equation (2). [err] On the other hand, when the equival ent
emtter resistances of the transistors QL, 2, B and 4 are all given as
re, the current il is obtained fromthe follow ng equation. [err] In the
equat i on EFanstilstor Q2indasl 2 e proddentt drh eonesitet art®e aofpomies rlagisst ors R11
and R12. Also the re .

Vcc, and also its emitter to the connection node of the

collector and the base of a diode-fashion transistor Q23 and

to the base of a transistor Q25 through a resistor R21. The

transistor Q22 has its collector connected not only to the

power line Vcc through a current source I23 but also to an

output terminal 23. The emitter of the transistor Q22 is

connected to the connection node of the collector and the-

base of a diode-fashion transistor Q24 and also to the base

of a transistor Q26, through a resistor R22. The emitters

of the transistors Q23 and Q24 are grounded commonly through

the current source I21. Also the emitters of the transistor

Q25 and Q26 are grounded commonly through a current source

I22. The collector of the tramsistor Q25 is connected to

the powér line Vcc, while the collector of the transistor

Q26 is connected to the collector of the transistor Q22.

The circuit described above is represented by a block

diagram as shoﬁn in FIGURE 3. A section composed of the
transistors Q21, Q23, Q24 and Q22 forms a voltage to current
converter 31, a section composed of the transistors Q23,
Q25, Q26 and Q24 forms a current converter 32, and the
connection node of the collectors the transistors Q26 and
Q22 forms an adder 33.

In this circuit, a current i23 supplied from the

current source I23 is set at i23 = (i21 + i22)/2. When

assuming that a current flowing through the transistor Q21
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represents the emtter resistance of the transistors. Fromthe equations
(1) and (2), the current i2 is given by the follow ng equati on. -4-
[err} This will becone al nost an output current. As seen fromthe equation
(4), to vary the resistance conponent (rl1l1 + r12 + 4re)(ill/i12)
constituting the filter tinme constant

is ii'; a current flowing through the trafisistor Q25 is i2*,
and the differential input is given by Vin (Vin = V1 - Vv2),
the following equations are obtained from the above
equations (2} and {3).

i2! (i22/7i21)i1? ..+ {5)

]

(V8
[
]

Vin/(r21 + r22 + 4re) ... (B}

An output current Iout at this time is expressed as

follows;

iout = i1t + i2?

{1 + {122/121)}{Vin/{(r11 + r12 + 4re}} .. (7}
[0015]

Therefore, a resistance component, i.e., an element of
the filter time constant can be adjusted through the
adjustments of the currents supplied by the current sources.

Though a variable range becomes narrow since the equation
{7) contains fixed terms, a narrower variable range is
rather advantageous for the purpose of correcting the
dispersion of the filter time constant.

Now the operation of this circuit will be described in
comparison with the conventional circuit.

To obtain a constant which makes the mean value of the
time constant equal to that of the conventional circuit, it
is sufficient when i2 = iout is wvalid in the relation
between the equations (5} and (7). When the resistance re
is sufficiently smaller than the resistances r2l1 and r22 and

the resistances r21 and r22 are equal to those of the
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using a voltage to current converter, it is possible by changing the
current 112 of the current source 112. In the circuit described above, the
t:r apsi.stors B through @ conprise a Glbert cell and this Glbert cell is
i deal |y used as a convenient current converter as shown in equation (2).
However, there are such |arge problens that-as P-N junction logarithmc
conpressed vol tage by the transistors @B and 4 was exponentially expanded

by the transistors and is largely affected, char act rlstlcs of
sem cond RAHIELOR® | %g e“? sﬂlﬁeﬁ:g? }ionay ‘B(Y @ i . In
partlcuIaJ §¥E%RE 2, the mean value of the time constant will become
the same as that of the conventional circuit from the
following equation.
(i12/i11)r21 = {1 + (121/i22)}ri1 ... (8)
Here, a case where i1l = i12 and i2' = (1/3}il1’' are
valid between the currents will be considered. Iﬁ this
case, the r2l1 becomes equal to (4/3)ril. In order to make
the input dynamic range equal to that of the conventional
circuit, the il' should be made equal to (3/4}ill. The sum
of the currents of the current sources in the conventional
circuit is given by il11 + 112 = 2il1l1, while in the circuit
of this embodiment the sum of the currents of the current
sources ‘are given by i21 + i22 - (4/3)i21 = il11. That is,
even when the dynamic range is made equal to that of the
conventional circuit, the sum of the currents of the current
sources is reduced to a half of that of the conventional
circuit. This is because that the collector current of the
transistor Q22, -which is not used in the conventional
circuit, is effectively utilized in the embodiment. This
collector current of the transistor Q22 is simply converted
from the input voltage. On the other hand, the original
output of the Gilbert cell presents on the collector of the
transistor Q22 after experienced the operations of the
logarithmic compression and the exponential expansion. This

current component contains a noise caused by semiconductor
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copposing an active filter, an S/Nratio is deteriorated |argely as signal
must go through this type of circuit by the amount of that exponent. The
smakl er a signal level is, the norethis phenonenon becones di sadvant ageous.
On the contrary, however, when a signal level is increased, distortion wll
I ncrease as a gap betmeen a logarithmc and exponential correction cones to

appear | | S {5%¥5 I r
converte[g%% uses a glg@gr%iﬁl icﬁachdéescrl dﬁa%gv%ﬁ%éNosrg?l%@iso
deteri or 3f£die 0% K& Oor And A SREEnd fodlel Wi hi€d 18P -this circuit,

however, the output current iout is not composed of only the

output of the Gilbert cell, but contains the output due to
the simple voltage to current conversion at the transistor
Q22. As a result, the signal component deteriorated after
the operations of the logarithmic compression and the
exponential expansion has been suppressed to the 1/4 of the
entire output. The variable range of the ocutput current at
this time becomes +/- (1/4), that is, +/- 25% (the range can
se still expanded in the + side) but this is sufficient
enough for practical use. Though the output of the Gilbert
cell is directly affected by the paired transistors and its
DC balance is insufficient, in the case of the circuit of
this emgodiment the collector current of the transistor Q22
is almost defined by the ratio of the resistances r2l1 and
r22 and also it is possible to improve its stability. This
will be extremely effective, especially when realizing a
higher order low pass filter with a DC transmission
characteristics.

As described above, the present invention can provide
an extremely preferable variable voltage to current
conversion circuit without an increase of the number of
elements in thg_circuit configuration. The present
invention is also possible to largely reduce the

deterioration of the characteristic of the Gilbert cell, and

e o - 10 -
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The present invention therefore seeks to provide a variable voltage to
current conversion circuit which is capable of largely reducing
chatacteristic deterioration caused by a Glbert cell. A w de dynamc
range-transconduct ance stage has been disclosed in EP 0 481631. This
transconduct ance stage has two branches conposed of a plurality of
transconductance circuit paths, each circuit path having

to improve the noise, the distortion,'the DC fluctuation
and the deterioration of the signal. Furthermore, the
present invention is possible to accomplish a variable
voltage to current conversion circuit effective in reducing
a current consumption.

While there have been illustrated and described what
are at present considered to be preferred embodiments of the
present invention, it will be understood by those skilled in
the art that various changeé and modifications may be made,
and equivalents may be substituted for elements thereof
without departing from the true scope of the present
invention. In addition, many modifications may be made to
adapt a_particular situation or material to the teaching of
the present invention without departing from the central
scope thereof. Therefore, it is intended that the present
invention not be limited to the particular embodiment
disclosed as the best mode contemplated for carrying out the
present invention, but that the present invention include
all embodiments falling within the scope of the appended
claims.

The foregoing description and the drawings are regarded
by the applicant as including a variety of individually
inventive concepts, some of which may lie partially or
wholly oﬁtside the scope of some or all of the following’
claims. The fact that the applicant has chosen at the time

of filing of the present application to restrict the claimed
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a .greater transconductance than the other circuit paths within a sub-range
of the input signal range, so that each path dom nates the other paths for
[tstbranch within its respective sub-range. In this way the overal
bandw dt h, transconductance, noise characteristics and voltage range of the
transconduct ance stage may be optim sed. Each transconductance path
operates entirely separately fromthe others. |EEE Transacti ons on Consuner

El ect r oni scog®88f | preteationalinCasterdaneeoni thnsheefoElevingnctaimBart 1
is not to be taken as a disclaimer or alternative inventive
concepts that are included in the contents of the
application and cquld be defined by claims differing in
scope from the following claims, which different claims may

be adopted subsequently during prosecutiod, for example for

the purposes of a divisional application.

——— L Ll - 12 —
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34 ¢19 New Yor k, NY, USA discloses a transconductance
ci rcui ammilmgﬂMIﬂILa vari abl e reference current source. Accor di ng to
the Presentc i mventi®dn there is provided a variable voltage to current
conversion circuit conprising a voltage to current converter, a gain
controll able current converter coupled to the voltage to current converter

and an adgﬁé_gﬁgpled to the voltage to current converter and the gain
controlla fent- converter. In an advantageous enbodi ment of the

i nvention the

1. A variable voltage to current conversion circuit
comprising a voltage to current converter (31) and a gain
controllable current cdﬁverter (32) coupled to the voltaga
to current converter {31), CHARACTERIZED IN THAT the
conversion circuit further comprises an adder (33) coupled
to the voltage to current converter {31) and the gain

controllable current converter {32}.

2. A variable voltage to current conversion circuit as
claimed in claim 1, wherein:

the voltage to current coﬁverter {31) has a
differentially related input means, a first and a second
transistors {Q21, Q22) having bases to be supplied with
différentially related voltages from the input means, a
diode-fashion third transistor (Q23) having a base and a
collector commonly connected to the emitter of the first
transistor (Q21) through a first resistor {(R21), a diode-
fashion fourth transistor (Q24) having a base and a
collector commonly connected to the emitter of the second
transistor (Q22) through a second resistor {(R22), énd a
first current soﬁrce (I21) coupled to a connection node of
the emitters of the third and the fourth transistors {(Q23,
Qz4)

the gain controllable current converter {(32) has the

.—13_
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vel t age tor has first and second transistors supplied with
di fferenﬂlmnullmlluﬂﬂml tages, a diode-fashion third transistor connected
L0t he fitstttrandisfor*through a first resistor, a diode- fashion fourth

transi stor connected to a second transistor through a second resistor, and

a first -5a- current source coupled to the third and the fourth

diode-fashion third transistor {Q23)., the diode-fashion
fourth transistor {(Q24) and the first current source (I21)
which are shared with the voltage to current converter (31},
and a fifth and a sixth transistors (Q25, Q26) having bases
connected to the collectors of the third and the fourth
transistors (Q23, Q24), respectively, and emitters commonly
connected to a second current source {I22); and

the adder {(33) has a third current source {I23) coupled
to the connection node of the collactors of the second and
the sixth transistors (Q22, Q26}), and output means connected
to the connection node of the collectors of the second and

the sixth transistors [(Q22, Q26).

—— - 14 -
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transistors, the gain controllable current converter has the diode-fashion
third transistor, the diode- fashion fourth transistor and the first
current. source which are shared with the voltage to the current converter
and a fifth and a sixth transistors connected to the third and fourth
transistors and to a second current source, and the adder has a third
current source coupled to the second and the sixth transistors. According
to the aboxgseRastfuction, an output current fromthe output section is
conposed of a signal conmponent passing through a path having
A variable wvoltage to current conversion circuit

comprising a voltage to current converter (31), a gain

controllable current converter {32) coupled to the voltage

to current con%erter (31) and an adder ({(33) coupled to the

voltage to current converter (31) and the gain controllable

current converter (32}, wherein the voltage to current

converter (31) has a first and a second transistors (Q21,

Q22) supplied with differentially related voltages, a diode-

fashion third transistor {Q23) connected to the first

transistor (Q21) through a first resistor (R21), a diode-

fashion fourth transistor (Q24) connected to the second

transistor (Q22) through a second resistor [(R22), and a

first current source (I21) coupled to the third and the

fourth transistors {Q23, Q24), the gain controllable current

converter {32) has the diocde-fashion third transistor (Q23}),

the diode-fashion fourth transistor (Q24) and the first

current source (I21) which are shared with the voltage to

current converter (31}, and a fifth and a sixth transistors

{Q25, Q26) connected to the third and the fourth transistors

(Q23, Q24) and to a second current source (I22}, and the

adder (33) has a third current source (I23) coupled to the

second and the sixth transistors [Q22, Q26).

L - 15 -
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characteristics of a -6- logarithm c conpression and an exponenti al
expansi on by sem conductor characteristics and a signal conponent sinply
cyrren{ -converted through the collector of the second transistor. Thus the
deterioration of the signal conponent experienced the logarithmc
conpressi on and the exponential expansion may be decreased.

Vce

I3 iout = i2
%\./3
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For a better understanding of the present invention and many of the
attendant advantages thereof reference will be now be made by way of
exagple to the acconpanying draw ngs, wherein: FIGURE 1 is a circuit

di agram showi ng a conventional variable voltage to current conversion
circuit; FIGURE 2 is a circuit diagram show ng a preferred enbodi nent of
t he present I nvention; and FIGURE 3 is a bl ock diagram representation of
the circuit as shown in FIGURE 2. Referring now to FI GURES 2 VEﬂCS a

preferred
I-23
yiz3 fout = 1 + i2
S 23
Vi | V2
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enmbodi nent we \ QﬂtaﬁiéTvl tage to current g :)nw crrmur:t gpsorcﬁmg
to the pre-eﬁﬁp' o mAII be described in ¢ ) i,%ds Oﬂﬁp&@d
preferred s dr esent invention, = 3 ab

di agram repy e circuit of FIGURE & gfj %:%n&p
termnals 2% & ed with different|i &% ‘é’ﬁ ed Yol tages o =
and V2. Theli and 22 are connec Y Fhe* Bﬁ%e§"b
differentially f fSI stors Q1 and-R2. {The lgh}q}

VARIABLE VOLTAGE TO CURRENT

CONVERSION CIRCUIT

The present invention relates generaily to a variable
voltage to current conversion circuit, and more particularly
but not exclusively, to a wvariable voltage to currént “corfvérsion
circuit for suitable for use in an active filter.

Conventional filters for use in electrical circuits
such as filters are typically constructed in LC circuits by
using inductor and capacitor elements. In recent vears, a
miniaturization of circuits has been increasingly demanded,
with the advancement of integfatihg technology. To cope
with such a demand, an active filter possible to be
incorporated in such an integrated circuit has been
developed. In order to construct this type of filter, a
filter time constant must be set using a resistance and a
capacitance. Howevef, devices which define the time
constant are not sufficiently precise in the interior of an

IC. Therefore, an accuracy of the time constant is

increased by making a current flowing through the devices,

etc. , variable. As a circuit which is moét effective for
varying'the current, there is known a voltage to current
conversion circuit called as Gilbert cell or a Gilbert
circuit..

FIGURE 1 shows a typical example of @ wvariable

voltage to current conversion circuit using the Gilbert
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-7- transistor T

also its emtter it onnee%r n
di ode-fashi on transistor ditd
resistor R21. Th traf&&éé 2 ihé

the power |ine Vc

connecti on node of_the.coll-eet-ot

hr ough a_currier
termnal 23. The emitter of the tra

‘br connected to a power |ine Vcc, and

node of the collector and the base of a
the base of a transistor @5 through a
s its collector connected not only to

t source 123 but also to an out put
nsistor 22 is connected to the

@4 and also to the base
cell.

Al

d tbf_base of a di ode-fashion transistor

In FIGURE 1, differentially related voltages V1 and V2

are supplied to input terminals 11 and 12, respectively.

The input terminals 11 and 12 are connected to the bases of

differentially paired transistors Q1 and Q2. The collector

of the transistor Q1 is connected to a'power line Vecc, while

its emitter is connected to the connection node of the

collector and the base of a diode—fashion transistor Q3 and

also to the base of a transistor Q5, through a resistor R1l1.

The collector of the transistor Q2 is connected to the

power line Vcc, while its emitter is connected to the

connection node of the collector and the base of a diode-

fashion transistor Q4 and also to the base of a transistor

Q6, through a resistor R1l2. The emitters of the transistors

Q3 and Q4 are grounded commonly through a current source

I11. Also the connection node of the emitters of the

transistors Q5 and Q6 is grounded through a current source

I12. The collector of the transistor Q5 is connected to the

power line Vcc. While the collector of the transistor Q6 is

connected to the power line Vcc, and also to an output

terminal 13.

In the variable voltage to current conversion circuit

as described aﬁove, a differential input is given by Vin

(Vin = V1 - V2). A current flowing through the transistor

Q1 is given by il. A current flowing through the transistor

Q2 is given by -~i1.

Further, a current flowing through the



through a curg The col l ector of the transistor @25 is
connected to pomer I|ne while the collector of the transistor Q26
I s connect ed 10 t-he-cutTector of the transistor 2. The circuit described
above is repré¢sented by a _bl.ock!di agramyas shown in FIGURE 3. A section
conposed of theTransistors QR1, @3, 4 and 22 forns a voltage to
current conueddsistdr B decigivencbypdled af cuheentafitosing stiiPSugh the

of a transi st igh resistor R22. The emtters of the
transistors 23\ hﬂc are rqunded comonly through the current source
121. Also the ers ~of th%& tiransi stor 25 and (26 are grounded commonly

transistor Q6 is given by -i2. And a potential difference
av befween the bases of the transistors Q5 and Q6 will be in
the relation shown by the following equation:

AV = Vt.Log-n [{i11/2 + i1}/is]

~ Vt.Log-n [{i1l/2 - i1}/is]

Vt.Log-n [{il2/2 + i2}/is]
- Vt.Log-n [{i12/2 - i2}/is] ..o 1)
In the equation (1), the Vt is a thermal voltage
constant, the 1iSis a transistor saturation current having
the same value over all transistors. Under the balanced
state {AV = 0}, currents i1l and il1l2 supplied from the
current sources I11 and I12 differentially flow by each the
1/2 of the total currents. From the equation (1), the
current i2 given as the following equation (2). .
= {(i12/i11)i1 e {2)
On the other hand, when the equivalent emitter
resistances of the transistors Q1, Q2, Q3 and Q4 are all
given as re, the current il is obtained from the following
equation.
i1 = Vin/{(ri1l1 + rl12 + 4re) ... {3)
In the equation (3), the rll and ri12 represent the
resistance of the resistors R1ll1 and R12. Also the re
represents the emitter resistance of the transistors. From
the equations (1} and (2), the current i2 is given by the

following equation.
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@5, Q26 and Q24 %#ﬁ%&%bgiéﬁg converter 32, and the connection node of
the collectors the transistors jQ26 and Q22 forns an adder 33. In this
circuit, a current 128 JadoI897ed firomthe current source 123 is set at
[err]. Wen assuming that a curlrent flow ng through the transistor 1
-8- is 111, a cprrent TTowmng thrjough the transistor @5 is i2",

—

~4-

i2 = Vin/{(ri11 + r12 + 4re)(i11/i12}} co. (4)

This will become almost an output current. As seen
from the equation (4), to vary the resistance component {ril
+ r12 + 4re)(il1/i12) constituting the filter time constant
using a voltage to current converter, it is possible by
changiﬁg the current i12 of the current source I12,

In the circuit described above, the transistors Q3
through Q6 comprise a Gilbert cell and this Gilbert cell is
ideally used as a convenient current converter as shown ih
equation (2). However, there are such large problems that
as P-N junction logarithmic compressed voltage by the
transistors 63 and Q4 was exponentially expanded by the
transistors Q5 and Q6, it -is largely affected by
characteristics of semiconductors, mixing of noise is
unavoidable and DC balance is bad. 1In particular, when
composing an active filter, an S/N ratio is deteriorated
largely as signal must go through this type of c¢ircuit by
the amount of that.exponent. The smaller a signal level is,
the "’ .m'o_re this phenomenon becomes disadvantageous. On the
contrary, however, when a signal level is increased,
distortion will increase as a gap between a logarithmic and
exponential correction comes to appear intensely.

When signal is passed through a voltage to current
converter which uses a Gilbert cell as described above,

S/N ratio is deteriorated, and also DC balance is

deteriorated too.



iven by Vin (Vin = V1 - V2), the follow ng

equations are F het above equations (2) and (3). [err] An

out put “curren out at thig t is expressed as.follows; [err] Therefore,
a

a resistance ¢ohpohBrdAN| el enent of th@ ikl @?‘%ﬁ nt can be
' ehtb of the currenfls sugip@fé% e fcurrent

adj usted throygg
sources. Thoudh @ vari abl e rangg¢ becones narro
-5~

and the dif{ EETRLLY B HCST

The present invention therefore seeks to provide a
variable voltage to current conversion circuit which is
capable of largely reducing characteristic
deterioration caused by a Gilbert cell.

5 According to the present invention there is
provided a variable voltage to current conversion
circuit comprising a voltage to current converter, a
gain controllable current converter coupled to the
voltage to current converter and an adder coupled to

10 the voltage to current converter and the gain
controllable current converter.

In an advantageous embodiment of the invention the
voltage to current convertor has first and second
transistors supplied with differentially related

15 voltages, a diode-fashion third transistor connected to
the first transistor through a first resistor, a diode-
fashion fourth transistor connected to a second
transistor through a second resistor, and a first
current source coupled to the third and the fourth

20 transistors, the gain controllable current converter
has the diode-fashion third transistor, the diode-
fashion fourth transistor and the first current source
which are shared with the voltage to the current
converter, and a fifth and a sixth transistors

25 connected to the third and fourth transistors and to a
second current source, and the adder has a third
current source coupled to the second and the sixth
transistors. According to the above construction, an
output current from the output section is composed of a

30 signal component passing through a path having
characteristics of a

his Sheet Has Been Replaced

TG
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(7) contains fijxgd™teris, a nanrower variable range is rather advantageous

for the- purposeg df ?
Now t he operatijon o

rqgﬁvhgp tth¢ di spersion of the filter tinme constant.
thi's Circditt will be described in conparison with the

conventional ci} cui-t—Fo—ebt-at-H 4 constant whi ch nakes the nean val ue of
the tine constant equal to that df the conventional circuit, it is
sufficient when—2—=-toutr~ts valid in the relation between the equations
(5) and (7). Wien the resistance re is sufficiently snaller than the

resi stances r21 and r22 and the resistances r21 and r22 are equal to those

of the

logarithmic compression and an exponential expansion by
semiconductor characteristics, and a signal component simply
current-converted through the collector of.the second
transistor. Thus the deterioration of the signal component
experienced the logarithmic compression and the exponential
expansion may be decreased. |

For a better understanding of the present invention and
many of the attendant advantages thereof reference will be
now be made by way of example to the accompanying drawings,.
wherein:

FIGURE 1 is a circuit diagram showing a conventional
variable voltage to current conversion circuit;

FIGURE 2 is a circuit diagram showing a preferred
embodiment of the present invention: and

FIGURE 3 is a block diagram representation of the
circuit as shown in FIGURE 2.

Referring noﬁ to FIGURES 2 and 3, a preferred
embodiment of the variable voltage to current conversion
circuit according to the present invention will be described
in detail. FIGURE 2 shows a preferred embodiment of the
present invention, while FIGURE 3 shows a block diagram
representation of the circuit of FIGURE 2.

In FIGURE 2, input terminals 21 and 22 are supplied
with differentially related voltages V1 and V2. The input
terminals 21 and 22 are connected to the bases of a

differentially paired transistors Q21 and Q22. The



-9- resi st or BERLACEMAENT SHEET nl t he conventional circuit, as shown in FI GURE

2, the.nea alue of the tyne constant will becone the sane as that of the
conventi ondl cigguj& Wﬂ hg follow ng equation. [err] Here, a case where
11 ng i :=Q )i}'lare valid between the currents will be

consi deredj Mra—this

-7-
transistor Q21 has its collector connected tO @ power line

Vcc, and also its emitter to the connection node of the
collector and the base of a diode-fashion transistor Q23 and
to the base of a transistor Q25 through a resistor R21. The
transistor Q22 has its collector connected not only to the
power line Vcc through a current source I23 but alsoc to an
output terminal 23. The emitter of the transistor Q22 is
connected to the connection node of the collector and the-
base of a diode-fashion transistor Q24 and also to the base
of a transistor Q26, through a resistor R22. The emitters
of the transistors Q23 and Q24 are grounded commonly through
the current source I21. Also the emitters of the transistor
Q25 and Q26 are grounded commonly through a current source
I22. The collector of the transistor Q25 is connected to
the powér line Vcc, while the collector of the transistor
Q26 is connected to the collector of the transistor Q22.

The circuit described above is represented by a block
diagram as shoﬁn in FIGURE 3. A section composed of the
transistors Q21, Q23, Q24 and Q22 forms a voltage to current
converter 31, a section composed of the transistors Q23,
Q25, Q26 and Q24 forms a current converter 32, and the
connection node of the collectors the transistors Q26 and
Q22 forms an adder 33.

In this circuit, a current i23 supplied from the
current source 123 is set at i23 = (i21 + i22)/2. When

assuming that a current flowing through the transistor Q21



case, the r21 b
range equal to f

equal to (3/4)i
conventi onal ci
t hi s enbodi nent
21 + 122 - (4/1

L BHESCEMENT $H65T413)r11. In order to make the input dynanic
t of the conventional circuit, the il" should be made
i The pNm@fy the currents of the current sources in the

-of-tthe-cufrents of the current sources are given by

c

h

| .

cyit is given by ill +i12 = 2i11, while in the circuit of
t

)

B)i 21 = ill. That [s, even when the dynam c range i s nade

equal to that of the conventional circuit, the sumof the currents of the

current sources
This is because

is reduced to a half ag.that of the conventional circuit.
that the collector current of the

is il1', a current flowing through the transistor Q25 is i2‘',

and the differential input is given by Vin (Vin = V1 -~ V2),

the following equations are obtained from the above

equations (2} and (3).

[0
[ M)
it

{i22/7i21})i1f . «.. {8)

Vin/{r2l1 + r22 + 4re) ... (86)

=t
Y
|

An output current Iout at this time is expressed as

follows;

iout i1' + j2¢

{1 + {i22/i21))}{Vin/{r11 + 12 + 4re}} .. (1)

fi

(0015]

Therefore, a resistance component, i.e., an element of

the filter time constant can be adjusted through the

adjustments of the currents supplied by the current sources.

Though a variable range becomes narrow since the equation

{7} contains fixed terms, a narrower variable range is

rather advantagecus for the purpose of correcting the

dispersion of the filter time constant.

Now the operation of this circuit will be described in

comparison with the conventional circuit.

time

To obtain a constant which makes the mean value of the

constant equal to that of the conventional circuit, it

is sufficient when i2 = iout is wvalid in the relation

between the equations (5} and (7). When the resistance re

is sufficiently smaller than the resistances r21 and r22 and

the resistances r21 and r22 are equal to those of the



transi stor e v_\mEMENTSSHEﬁT sed in the conventional circuit, is
?ffectlvely ut erfbodi nent. This coll ector current of the

ransi st or 21 i [ onverted fromthe input voltage. On the other
hand, the orjg néliéﬂ‘?ﬁoﬁt e Glbert cell presents on the collector of
t he transi st pr ryenced the operations of the logarithmc

conpression fnd the exponential expansion. This current conponent contains
a noi se causéd-by—sentconducror

-9-
resistors R11 and R12 in the conventional circuit, as shown
jn FIGURE 2, the mean value of the time constant will become
the same as that of the conventional circuit from the
following equatién.
{(i12/i11)r21 = {1 + (i21/i22)}ril ves- {8}

Here, a case where ill = i12 and i2' = (1/3)i1* are
valid between the currents will be considered. Iﬁ this
case, the r2l1 becomes equal to {(4/3)rii. In order to make
the input dynamic range equal to that of the conventional
circuit, the il' should be made equal to (3/4)ill. The sum
of the currents of the current sources in the conventional
circuit is given by i11 + i12 = 2il11, while in the circuit
of this embodiment the sum of the currents of the current
sources ‘are given by i21 + i22 - (4/3)i21 = i11. That is,
even when the dynamic range is made equal to that of the
conventional circuit, the sum of the currents of the current
sources is reduced to a half of that of the conventional
circuit. This is because that the collector current of the
transistor Q22, -which is not used in the conventional
circuit, is effectively utilized in the embodiment. This
collector current of the transistor Q22 is simply converted
from the input voltage. On the other hand, the original
output of the Gilbert cell presents on the collector of the
transistor Q22 after experienced the operations of the
logarithmic compression and the exponential expansion. This

current component contains a noise caused by semiconductor
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-10- characteri dt{TS, ™ 1esulting in deterioration of the SINratio as
described for the C%Q§%2%{%ﬁ9| circuit. In this circuit, however, the

out put current [o@t i conposied of only the output of the Gl bert cell
but contains thg 6utped—-due- hie sinple voltage to current conversion at
the transistor [R2. As a result, fhe signal conponent deteriorated after

t he operations of~the TogaritT C conpression and the exponential expansion
has been suppressed to the 1/4 of thd%ntire output. The variable range of
the out put cchuarrraecr}tera;tstti@ss, tr'e’é‘?zl*%%%”‘fﬁ 5é§e{'}éx@tiéxbaéf 'the 'El/' N %‘g)@i(ot he

range can

as described for the conventional circuit. In this circuit,
however, the output current iout is not composed of only the
output of the Gilbert cell, but contains the output due to
the simple voltage to current conversion at the transistor
Q22. As a result, the signal component deteriorated after
the operations of the logarithmic compression and the
exponential expansion has been suppressed to the 1/4 of the
entire output. The variable range of the output current at
this time becomes +/- (1/4), that is, +/- 25% (the range can
$e still expanded in the + side) but this is sufficient
enough for practical use. Though the output of the Gilbert
cell is directly affected by the paired transistors and its
DC balance is insufficient, in the case of the circuit of
this emSodiment the collector current of the transistor Q22
is almost defined by the ratio of the resistances r2l1 and
r22 and also it is possible to improve its stability. This
will be extremely effective, especially when realizing a
higher order low pass filter with a DC transmission
characteristics.

As described above, the present invéntion can provide
an extremely preferable variable voltage to current
conversion circuit without an increase of the number of.
elements in the circuit configuration. The present
invention is also possible to largely reduce the

deterioration of the characteristic of the Gilbert cell, and



be still expand =Y ut this is sufficient enough for

practical use. g%%b Eﬂﬁ@ﬁ? f the Glbert cell is directly affected
by the paired tfahsistors and ifts} DC bal ance is insufficient, in the case
of the circuit pf[tH& JAb®H nent] the collector current of the transistor
@2 is alnost defined by the raftijo of the resistances r21 and r22 and al so
It is possible oI nprove Its stapility. This will be extrenely effective,
especi ally when Izl | order low pass filter with a DC

transm ssion characteristics. As described above, the present invention can
provi de -11-

to improve the noise, the'distortion,'the DC fluctuation
and the deterioration of the signal. Furthermore, the
present invention is possible to accomplish a variable
voltage to current conversion circuit effective in reducing
a current consumption.

While there have been illustrated and described what
are at present consideréd to be preferred embodiments of the
present invention, it will be understood by those skilled in
the art that various changeé and modifications may be made,
and equivalents may be substituted for elements thereof
withoﬁt departing from the true scope of the present
invention. In addition, many modifications may be made to
adapt a particular situation or material to the teaching of
the present invention without departing from the central
scope thereof. Therefore, it is intended that the present
invention not be limited to the particular embodiment
disclosed as the best mode contemplated for carrying out the
present invention, but that the present invention include
all embodiments falling within the scope of the appended
claims.

The foregoing description and the drawings are regarded
by the applicant as including a variety of individually
inventive concepts, some of which may lie partially or
wholly oﬁtside the scope of some or all of the following’
claims. The fact that the applicant has chosen at the time

of filing of the present application to restrict the claimed
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an extrenely prefgﬁgbfﬁ¢&4$'gkt %oltage to current conversion circuit

wi thout an increpsg of the number jof elements in the circuit configuration.
The present invehtior§ gAd ®¥97p SS‘I ble to largely reduce the deterioration
of the characterf{stic of the G| ert cell, and -11- to inprove the

noi se, the distoftromn, the DC fructuatlon and the deterioration of the
signal . Furthermpre, the

-12-

scope of protection in accordance with the following claims
is not to be taken as a disclaimer or alternative inventive
concepts that are included in the contents of the
application and cquld be defined by claims differing in
scope from the following claims, which different claims may
be adopted subsequently during prosecution, for example for

the purposés of a divisional application.
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bstituted for elenents thereof w thout

departing fromthe true scope of the present invention. In addition,

nodi fications may be nmade to adapt a bé?ficular situation or material to

the teachi rGLAJMS:

1. A variable voltage to current conversion circuit
comprising a voltage to current converter (31) and a gain
controllable current canverter {32) coupled to the voltaga
to current converter (31), CHARACTERIZED IN THAT the
conversion circuit further comprises an adder {33) coupled
to the voltage to current converter (31) and the gain

controllable current converter (32}.

2. A variable voltage to current conversion circuit as
claimed in claim 1, wherein:

the voltage to current coﬁverter (31) has a
differentially related input means, a first and a second
transistors {Q21, Q22) having bases to be supplied with
différentially related voltages from the input means, a
diode—-fashion third transistor (Q23) having a base and a
collector commonly connected to the emitter of the first
transistor (Q21} through a first resistor (R21), a diode-
fashion fourth transistor {(Q24) having a base and a
collector commonly connected to the emitter of the second
transistor (Q22) through a second resistor {R22), énd a
first current soﬁrce (I121) coupled to a connection node of
the emitters of the third and the fourth transistors (Q23,
Q24)

the gain controllable current converter {32) has the
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Ther of r o tf'”v% *‘[ 1& “the pr ogent i nventi on not ve 11k llﬂlﬁﬂlﬁlllﬂ#llllﬂlll
t D &,

particul an énbo | psed as the best nDde con cartyimg s+

out the present invention, but that the press Iude al

enbodi nents falling mﬁthiné he scope of t I ‘ ;Cgbalns The foregoing
description and the drawi ngs are regarded } AR pled i ncluding a
variety of individually inventive congeptsy—sone of which may lie partially

or wholly outside the scope of sonme or all of the follow ng
diode—-fashion third transistor {Q23), the diode~fashion

fourth transistor {Q24) and the first current source {I21)
which are shared with the voltage to current converter {31},
and a fifth and a sixth transistors (Q25, Q26) having bases
connected to the collectors of the third and the fourth
transistors (Q23, Q24), respectively, and emitters commonly
connected to a second current source (I122}); and

the adder (33) has a third current source (I23) coupled
to the connection node of the collectors of the second and
the sixth transistors (Q22, Q26), and output means connected
to the connection node of the collectors of the second and

the sixth transistors (Q22, Q26}.

This Sheet Has Been Replac
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ABSTRACT :

VARIABLE VOLTAGE TQO CURRENT CONVERSION CIRCUIT
A variable voltage to current conversion circuit

comprising a voltage to current converter (31), a gain
controllable current converter {32) coupled to the voltage
to current converter (31) and an adder (33) coupled to the
voltage to current converter (31) and the gain controllable
current converter {32), wherein the voltage to current
converter (31) has a first and a second transistors (Q21,
Q22) supplied with differentially related voltages, a diode-
fashion third transistor (Q23) connected to the first
transistor (Q21)} through a first resistor (R21), a diode-
fashion fourth transistor (Q24) connected to the second
transistor (Q22) through a second resistor (R22), and a
first current source (I21) coupled to the third and the
fourth tramsistors {Q23, Q24), the gain controllable current
converter (32) has the diode-fashion third transistor (Q23),
the diode-fashion fourth transistor {(Q24) and the first
current source {(I21) which are shared with the voltage to
current converter (31), and a fifth and a sixth transistors
(Q25, Q26) connected to the third and the fourth transistors
{Q23, Q24) and to a second'dﬂrrent source (122), and tpe
adder (33) has a third current source (I23) coupled to the

second and the sixth transistors {(Q22, Q26).

Figure 2



be adopt el RAFbAGENEW: 5#E6ur) ng prosecution, for exanple for the purposes of
a divi siopal application. -14 - diode-fashion third transistor (Q@3),

t he di odet f BsRignahp h ¢t riansi stor (Q@4) and the first current source
(121) whighiare shared wifh the voltage to current converter (31), and a
fifth and}a-st-xtf-~ 1 rs (@25, Q6) having bases connected to the

col l ector§ of
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the third nd_the.foutth tran5|stors (@3, @QR4), respectively and emtters
commonly conhected to a sepond current source (122); and the adder (33) has
athird cu?r nt1 8 Q&le 89 28) coupl ed to the connection node of the

coll ectors!of the second andj the sixth transistors (@2, 26), and out put
means conngcted to THeE Corinecti on node of the collectors of the second and
the sixth transistors.(@Q2, @6). 3. RA4ariabl e voltage to current
conversion circuit as claimed in claim2, wherein the resistances
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The present invention therefore seeks to provide a

variable voltage to current conversion circuit which is
capable of largely reducing characteristic
deterioration caused by a Gilbert cell.

A wide dynamic range -transconductance stage has

been disclosed in EP 0 481631.

stage has two branches composed
transconductance circuit paths,
a greater transconductance than

This transconductance

of a plurality of

each circuit path having
the other circuit paths

within a sub-range of the input signal range, so that
each path dominates the other paths for its branch
within its respective sub-range. In this way the
overall bandwidth, transconductance, noise
characteristics and voltage range of the
Each
transconductance path operates entirely separately from
the others.

IEEE Transactions on Consumer Electronics 1988
International Conference on Consumer Electronics, Part 1
34 (1988) August No. 3, New York, NY, USA discloses a

transconductance circuit controlled with a variable

transconductance stage may be optimised.

reference current source.

According to the present invention there is
provided a variable voltage to current conversion
.cifcuit.comprising a voltage to current converter, a
gain controllable current converter coupled to the
voltage to current converter and an adder coupled to
the voltage to current converter and the gain
controllable current converter.

In an advantageous embodiment of the invention the
voltage to current convertor has first and second
transistors supplied with differentially related
voltages, a diode-~fashion third transistor connected to
the first transistor through a first resistor, a diode-
fashion fourth transistor connected to a second

transistor through a second resistor, and a first



di ode- f ashi on f{
(QR4) and the f
to current con
havi ng bases c¢

nmec
transistors (@23,

second current

hRERLACEMENT SYHEET (23), the di ode-fashion fourth transistor

ST current sout ee (121) which are shared with the vol tage

ent ( diajfifth and a sixth transistors (@5, Q@6)
ﬁgﬁ%ﬁ% coll ectors of the third and the fourth

, tiyely, and emtters comonly connected to a

source (122); andjithe adde?@{33) has a third current source

(123) coupled t

o0 the tonnectrtorrhode of the collectors of the second and

the sixth transistors (QQ2, @6), and output neans connected to the
connection node @ﬁrﬁaﬁtcgbhEééOééuQie&h@oSﬁﬁéﬂ¥h£E31and the fourth

transistors, the gain controllable current converter
has the diode-fashion third transistor, the diode-
fashion fourth transistor and thé first current source
which are shared with the voltage to the current
_.converter, and a fifth and a sixth transistors
connected to the third and fourth transistors and to a
second current source, and the adder has a third
current source coupled to the second and the sixth
transistors. According to the above construction, an
output current from the output section is composed of a
signal component passing through a path having
characteristics of a
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diode-fashion third transistor {Q23), the diode-fashion

fourth transistor (Q24) and the first current source
{121} which are shared with the voltage to current
converter (31), and a fifth and a sixth transistors
(Q25, Q26) having bases connected to the collectors of
the third and the fourth transistors (Q23, Q24),
respectively and emitters commonly connected to a
second current source {(I22); and

the adder (33) has a third current source (I23)
coupled to the connection node of the collectors of the
second and the sixth transistors (Q22, Q26), and output
means connected to the connection node of the
collectors of the second and the sixth transistors
(Q22, Q26).

3. A variable voltage to current conversion
circuit as claiwmed in claim 2, wherein the resistances
of the first and the second resistors are largexr than
the emitter resistances of the first and second
transistoxrs, respectively.

4. A variable voltage to current conversion
circuit as claimed in claim 2, wherein the third and the
second current sources includes variable current
sources, respectively.



