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(57) A current generation circuit comprises a refer-
ence unit (10) providing a reference voltage (VREF), and
a current control unit (20) comprising a first and the sec-
ond current terminal (201, 202). The current control unit
(20) is configured to control a current (IC) between a first
and a second current terminal (201, 202) depending on
the reference voltage (VREF). A first and a second
charge store (C1, C2) each have a first and a second

Current generation circuit and current generation method

terminal (311, 312, 321, 322), wherein the first terminals
(311, 321) can be coupled to the first current terminal
(201) or to the second terminal (312, 322) of the respec-
tive charge store (C1, C2) depending on a switching sig-
nal. The current mirror (40) comprises an input (401)
which is coupled to the second current terminal (202) and
an output (402) which is coupled to an output (1) of the
current generation circuit.
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Description

[0001] The invention relates to a current generation circuit and a current generation method.

[0002] In many electronic applications it is desirable to have currents which are largely independent of temperature.
Forexample, an electrical sensorin a measuring application can be supplied with such a current to achieve ameasurement
result being largely temperature independent. A temperature dependency can be expressed by a temperature coefficient
which denotes the relative change of the respective value when the temperature is changed.

[0003] To generate temperature independent currents, for example electronic circuits are used which comprise an
external resistor having a low temperature coefficient. Such a resistor usually cannot be integrated into an integrated
circuit. Furthermore, such a resistor increases the costs of the electronic circuit. Other resistors which are integrable
into an integrated circuit typically have a high temperature coefficient.

[0004] Itis an object of the invention to provide a current generation circuit which has a low temperature dependency
and can be produced with less effort. It is a further object of the invention to provide a method for generating a current
with a low temperature dependency and less effort.

[0005] The object is achieved with the subject matter of the independent patent claims.

[0006] In one embodiment of a current generation circuit, the circuit comprises a reference unit, a current control
circuit, a first and a second charge store and a current mirror. The reference unit comprises a first reference output
configured to provide a first reference voltage. The current control unit comprises a first and a second current terminal
and is configured to control a current between the first and the second current terminal depending on the first reference
voltage. The first and the second charge store each have a first and a second terminal. Said first terminals can be
individually coupled to the first current terminal or to the second terminal of the respective charge store depending on
a switching signal. The current mirror comprises an input and an output, wherein the input is coupled to the second
current terminal and the output is coupled to a current output of the current generation circuit.

[0007] During operation of the current generation circuit, the reference unit generates the reference voltage which
controls a current between the first and the second current terminal of the current control unit. The first and the second
charge store are alternately coupled to the first current terminal depending on the switching signal for alternately charging
the first charge store or the second charge store. During charging one of the first and the second charge stores, the
other one of the charge stores is at least partially discharged by coupling its first terminal to its respective second terminal.
For example, the current between the first and the second current terminal is controlled such that the first and the second
charge store are charged to the first reference voltage or to a voltage depending on the first reference voltage. In one
embodiment the current control unit comprises a regulated cascode circuit for controlling the current between the first
and the second current terminal. In another embodiment the current control unit comprises a voltage regulator controlling
the voltage at the first current terminal.

[0008] The charging current for the first and the second charge store is also provided to the current mirror which on
its input side is coupled to the second current terminal. The current mirror amplifies the charging current and provides
the amplified current as the output current of the current generation circuit.

[0009] The first and the second charge store can each comprise a first temperature dependency. In other words, a
capacitance value of the first and the second charge store can depend on the temperature. For example, the first and
the second charge store each comprise a first temperature coefficient. In this case, the reference unit can be configured
to generate the reference voltage with a second temperature dependency which is opposite to the first temperature
dependency or has a temperature coefficient which has an opposite value of the temperature coefficient of the first and
the second charge store. As the charging current for the first and the second charge store depends on the reference
voltage, variations of the capacitance values of the charge stores are compensated for by the variations of the reference
voltage. Therefore, the charging current and the amplified output current which both depend on the reference voltage
and the capacitance of the charge stores are basically temperature independent.

[0010] Possible ripples in the charging current resulting from switching between charging and discharging the charge
stores can be filtered out by the current mirror which usually comprises transistors having resistive and capacitive
properties or elements which result in a low pass filtering.

[0011] Therefore, with an embodiment of a current generation circuit, a current with a low temperature dependency
can be generated. As the elements of the current generation circuit can easily be integrated into an integrated circuit,
the current generation circuit can be produced with little effort.

[0012] In an embodiment of a current generation method, a reference voltage is generated. During a first time period,
a charging current is generated by charging a first charge store depending on the reference voltage, whereas a second
charge store is discharged. During a second time period, the charging current is generated by charging a second charge
store depending on the reference voltage, whereas the first charge store is discharged. The charging current is amplified
and provided as an output current. According to an embodiment the first and the second time period alternate periodically.
[0013] As the reference voltage, for example, can be generated with a temperature dependency, a temperature de-
pendency of the charge stores can be compensated for. Therefore, the output current comprises a low or zero temperature
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dependency.

[0014] In one embodiment, charging and discharging of the charge stores can be performed according to a switched
capacitor principle, resulting in the temperature independent output current. In other words, the first and the second
charge store can be switched capacitors. In this case a temperature dependency of the reference voltage is selected
such that a temperature dependency of the switched capacitors can be compensated for.

[0015] Inanother embodiment the reference unit comprises a second reference output configured to provide a second
reference voltage which is basically temperature independent. For example, a voltage generated by a sensor which is
driven by the temperature independent output current provided by the current generation circuit can be compared to the
second reference voltage, making also the comparison result basically temperature independent.

[0016] The text below explains the invention in detail using exemplary embodiments with reference to the drawings,
in which:

Figure 1  shows a first embodiment of a current generation circuit,

Figure 2  shows an exemplary timing diagram of a switching signal,
Figure 3  shows an embodiment of a clock generator,

Figure 4  shows an embodiment of a reference unit,

Figure 5 shows a second embodiment of a current generation circuit, and
Figure 6 shows an embodiment of a current mirror.

[0017] Like reference numerals designate corresponding similar parts or elements.

[0018] Figure 1 shows an embodiment of a current generation circuit comprising a reference unit 10 which comprises
a first reference output 101 configured to provide a first reference voltage VREF. A current control unit 20 comprises a
differential amplifier 210 having a first, non-inverting input (+) which is coupled to the first reference output 101. An output
211 of the differential amplifier 210 is coupled to a control input 221 of a cascode transistor 220. The current path of the
cascode transistor 220 is coupled between a first current terminal 201 and a second current terminal 202. The first
current terminal 201 is furthermore coupled to a second, inverting input (-) of the differential amplifier 210. In other words,
the current control unit 20 comprises a regulated cascode circuit for controlling the current between the first and the
second current terminal 201, 202. The regulated cascode circuit is formed by the differential amplifier 210 and the
cascode transistor 220. The current control unit 20 can be utilized as a voltage regulator controlling the voltage at the
first current terminal 201.

[0019] A charge store arrangement 30 comprises a first and a second charge store C1, C2 and switching elements
S11, 812, S21, S22. A first terminal 311 of the first charge store C1 is coupled to the first current terminal 201 via the
switching element S11. The first terminal 311 is further coupled to the second terminal 312 of the first charge store C1
via a switching element S12 by means of a ground potential terminal GND. Accordingly, the first terminal 321 of the
second charge store C2 is coupled to the first current terminal 201 via the switching element S21 and to its second
terminal 322 via the switching element S22 and the ground potential terminal GND.

[0020] The current generation circuit further comprises a current mirror 40 comprising an input 401 coupled to the
second current terminal 202. An output 402 of the current mirror 40 is coupled to the current output 1 of the current
generation circuit.

[0021] The reference unit 10 generates the reference voltage VREF which is provided to the current control unit 20.
The differential amplifier 210 generates an output signal which controls a current through the cascode transistor 220
such that a voltage VREF’ at the first current terminal 201 which is provided to the inverting input (-) of the differential
amplifier 210 is basically identical to the first reference voltage VREF. In other words the voltage VREF’ is controlled by
the current control unit 20. This is also the case if a voltage across the cascode transistor 220 changes, for example
caused by a variation of a supply voltage.

[0022] During a first time period, the switching elements S11 and S22 are in a closed state, whereas the switching
elements S12 and S21 are in an open state. As a result, the first charge store C1 is provided with a charging current |IC
through the cascode transistor 220 for charging the first charge store C1 up to the first reference voltage VREF. The
second charge store C2 is discharged through the closed switching element S22.

[0023] For a second time period the switching elements S11, S12, S21, S22 change their state such that during said
second time period the switching elements S11 and S22 are in an open state and the switching elements S12 and S21
are in a closed state. Accordingly, the second charge store C2 is provided with the charging current IC and charged up
to the first reference voltage VREF, whereas the first charge store C1 is discharged through the switching element S12.
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A further, following time period can be similar to the first time period.

[0024] By alternately charging and discharging the first and the second charge store, the charging current IC is gen-
erated both during the first and the second time period. In other words, a continuous charging current IC is generated
by the switched charging and discharging of the charge stores C1, C2.

[0025] The charging current IC is amplified by the current mirror 40 and provided as an output current IOUT at the
current output 1. The current mirror 40 usually comprises transistors having as well resistive and capacitive properties.
Therefore, the current mirror 40 can perform a filtering of the charging current IC together with the amplification, wherein
the filtering is comparable to a RC-low pass filtering. In other words, the current mirror 40 also smoothes the charging
current IC which can comprise ripples because of the switching operations.

[0026] Inoneembodiment,the charge stores C1, C2 can comprise capacitors which can be integrated into anintegrated
circuit. For example, the capacitors can be metal-insulator-metal (MIM) capacitors or other capacitors having polysilicon
as an insulator. Also varactors, especially MOS varactors, can be used for the charge stores. In this case, the capacitance
value of the first and the second charge store C1, C2 can be adjusted. Usually, the capacitance of the first and the
second charge store has the same nominal value.

[0027] Figure 2 shows a timing diagram of a switching signal which can be used in the embodiment shown in Figure
1. The upper signal shows a first component of the switching signal for controlling the switching elements S11, S22
whereas the lower signal corresponds to a second component for controlling the switching elements S12, S21. Accord-
ingly, during a first time period T1, the first component is in a high state and the second component is in a low state.
During a second time period T2, the first component is in a low state and the second component is in a high state. Further
time periods correspond to the first and the second time period T1, T2. In other words, the first time period T1 and the
second time period T2 temporally alternately succeed one another. In this embodiment, the first and the second time
period T1, T2 have the same length. Therefore, a clock frequency f of the switching signal corresponds to f = 1/(T1+T2).
In one embodiment the switching signals have a non-overlapping high state such that only one of the charge stores C1,
C2 is being charged at the same time. In other words it is possible that both switching signals are in a low state at the
same time.

[0028] Figure 3 shows an embodiment of a clock generator 50 comprising a generator circuit 500 having a control
input 501 and a clock output 502, at which a square wave clock signal CLK is generated. Furthermore, a synchronizer
503 is provided which is coupled to the clock output 502 and used for generating the switching signal component for
controlling the switching elements S11, S22 and the switching signal component for controlling the switching elements
S12, S21 from the clock signal CLK. As mentioned before, the switching signals can have a non-overlapping waveform.
[0029] For example, the generator circuit 500 can be any kind of oscillator like a voltage controlled oscillator or a
digitally controlled oscillator or even an uncontrolled oscillator. By using a controlled oscillator, a clock frequency of the
switching signal can be programmed, for example by a control signal or a control word at the control input 501.

[0030] In another embodiment the clock generator 50 can be any kind of non-overlapping clock waveform generator.
[0031] The switching signal can also be derived from the clock signal of a reference oscillator like a crystal oscillator.
[0032] Referring back to Figure 1, the output current IOUT can be calculated by

IoUT = 2 - C + VREF + £ - G, (1)

wherein C is the capacitance value of the first and the second charge store C1, C2, f is the clock frequency of the
switching signal and G is the current gain of the current mirror circuit 40.

[0033] The capacitance value C of the firstand the second charge store C1, C2 can comprise atemperature dependency
which can be expressed by a temperature coefficient TCpp which in one embodiment has a positive value. In other
words, the capacitance value C increases with an increasing temperature.

[0034] Accordingly, the reference unit 10 can comprise a bandgap circuit in one embodiment for providing a bandgap
voltage. The reference voltage VREF also having a temperature dependency can be derived from said bandgap voltage.
The temperature coefficient TCyggr of the reference voltage VREF is opposite to the temperature coefficient TC5p of
the charge stores C1, C2. For example, if the temperature coefficient TC;pp has a positive value, the temperature
coefficient TC,rgf of the reference voltage VREF has a negative value. As the output current IOUT according to equation
(1) depends both on the capacitance C and the reference voltage VREF, a temperature coefficient of the output current
TC,ouT can be calculated as
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TCrour = TCvrer + TCcap. (2)

[0035] Itis desirable to adapt or trim the temperature coefficient TC, ggp of the reference unit 10 such that the output
current temperature coefficient TC ot becomes basically zero. In other words, the temperature coefficient TCpp of
the charge stores C1, C2 can be compensated for by the temperature coefficient TC/ggg of the reference unit 10 such
that the output current IOUT is basically independent of the temperature.

[0036] With reference to Figure 3 and equation (1), a value for the output current IOUT can also be adjusted by varying
the clock frequency f of the switching signal in the clock generator 50.

[0037] Figure 4 shows an exemplary embodiment of areference unit 10. The reference unit 10 comprises an operational
amplifier 110 which on its output side is coupled to a transistor 120. An inverting input (-) is coupled to a reference input
111 and a non-inverting input (+) is coupled to a source connection of the transistor 120. A drain connection of the
transistor 120 is coupled to a supply voltage terminal VDD. The reference unit 10 further comprises a resistor 130 and
a temperature dependent current source 140 which are connected in series between the source connection of the
transistor 120 and a ground potential terminal GND. The first reference output 101 is coupled to a connection node of
the resistor 130 and the current source 140.

[0038] At the reference input 111 a temperature independent voltage is provided, that means having a temperature
coefficient being basically equal to zero. The operational amplifier 110 controls a current through the transistor 120 such
that a voltage at its source connection is equal to the voltage at the reference input 111.

[0039] The current source 140 can be a Proportional To Absolute Temperature (PTAT) current source having a
negative temperature coefficient. The reference voltage VREF at the first reference output 101 depends on the voltage
drop across the resistor 130. Because of the temperature dependent current through the PTAT current source 140, said
voltage drop and therefore the reference voltage VREF are also depending on the temperature. In other words, as the
voltage at the upper side of the resistor 130 is kept at a constant voltage value which has a temperature coefficient
basically being equal to zero, the voltage across the resistor 130 is a PTAT voltage which has a negative temperature
coefficient that can be altered by varying the resistance of the resistor 130. As a consequence, by varying the resistance
of the resistor 130, the temperature coefficient TC,,ggF of the reference voltage VREF can be selected or adjusted such
that the temperature coefficient TC 5p Of the charge stores C1, C2 can be compensated for. The voltage at the reference
input 111 can, for example, be generated by a bandgap circuit.

[0040] Figure 5 shows another embodiment of a current generation circuit. According to the embodiment shown in
Figure 1, the current generation circuit comprises a current control unit 20, a charge store arrangement 30 and a current
mirror 40. The current mirror 40 comprises a first transistor 411 which is used as an input transistor coupled to the current
input 401. A second transistor 412 is used as an output transistor coupled to the current output 402. For example, a
channel width-length ratio between the first and the second transistor 411, 412 is 1:G, that means the output current
IOUT is larger than the input current IC by the factor G.

[0041] The current generation circuit further comprises a reference unit 10. The reference unit 10 comprises a bandgap
circuit 11, the transistor 120, resistive elements 130, 131, 132 and a PTAT current source which is formed by the transistor
140. The bandgap circuit 11 comprises transistors 160, 161, a resistor 150, the operational amplifier 110 and transistors
170, 171. The transistors 170, 171 are controlled together with the transistor 120 by the operational amplifier 110 and
act as current sources for the transistors 160, 161 which generate a bandgap voltage at the inputs (+, -) of the operational
amplifier 110.

[0042] Through the resistive elements 130, 131, 132 and the PTAT current source 140, the first reference voltage
VREF at the first reference output 101 and a second reference voltage VREFO at a second reference output 102 are
generated or derived from the bandgap voltage respectively. In this embodiment, the first reference voltage VREF has
a negative temperature coefficient TC,gegr for compensating the temperature coefficient TCpp of the charge stores
C1, C2. The second reference voltage VREFO is generated temperature independent, in other words with a temperature
coefficient being basically equal to 0. A different number of resistive elements can be provided in the reference unit 10
for deriving the first and/or the second reference voltage VREF, VREFO.

[0043] In the circuit shown in Figure 5, additionally a sensor element 70 and an analog-to-digital converter 60 are
provided which are not part of the current generation circuit but are used as an application example for the current
generation circuit. The sensor element 70, for example, comprises a resistive element which is coupled between the
current output 1 of the current generation circuit and the ground potential terminal GND. A resistance of the sensor
element 70, for example, depends on the respective value to be sensed. Accordingly, a voltage drop across the sensor
element 70 is generated employing the output current IOUT generated by the current generation circuit. As the output
current IOUT is independent of the temperature, said voltage drop basically depends on the value to be sensed, namely
the respective sensor resistance. The potential or voltage at the current output 1 is compared to the second reference
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voltage VREFO0 within the analog-to-digital converter 60 and converted into a digital output word at an output 601 of the
analog-to-digital converter 60.

[0044] In this embodiment, the capacitance values of the charge stores C1, C2 can be adjusted, for example for fine-
tuning the charging current IC or the output current IOUT, respectively.

[0045] Furthermore, in this embodiment, the resistive elements 130, 131, 132 can be adjusted or trimmed regarding
their respective resistance to adapt the reference voltages VREF, VREFO which also results in an adaptation of the
respective temperature coefficients of the reference voltages VREF, VREFO.

[0046] The transconductance (gm) of the transistor 411 of the current mirror 40 and the gate-source-capacitance of
the transistor 412 form an RC filter which can inherently be used for smoothing possible ripples in the charging current
IC. Therefore, the transconductance of the transistor 411 and the gate-source-capacitance of the transistor 412 act as
filtering elements comprised by the current mirror 40.

[0047] Figure 6 shows an embodiment of a current mirror circuit 40 comprising the first and the second transistor 411,
412. In this embodiment, the gate connection of the second transistor 412 is coupled to the supply voltage terminal VDD
via a capacitor 414. Furthermore, an additional resistive element 413 is coupled between the gate connections of the
first and the second transistor 411, 412. The resistor 413 and the capacitor 414 act as filtering elements which increase
a filtering or smoothing effect provided by the transconductance and the gate-source-capacitance of the transistors 411,
412 as mentioned above. Furthermore, a cutoff frequency of the low pass filter comprised by the current mirror 40 can
be adjusted or determined according to the clock frequency f of the switching signal controlling the charge store arrange-
ment 30.

[0048] A temperature dependency of the charge stores C1, C2 is usually smaller than a temperature dependency of
an on-chip resistor used in a conventional current generation circuit. Therefore, the temperature coefficient TCpp of
the charge stores C1, C2 can be compensated for by the reference voltage VREF also having a small temperature
coefficient TCyrgr Which has an opposite value to the temperature coefficient TCpp.

[0049] It may be desirable that the reference voltage VREF is generated with a linear temperature dependency by the
reference unit 10 or, in other words, that the reference voltage VREF increases linearly with increasing temperature.
For example the reference unit 10 comprises a circuit for a curvature correction for providing the linear temperature
dependency.

[0050] A current generation circuit according to one of the embodiments described above can easily be integrated
into an integrated circuit without the need for any external elements. Therefore, such integrated circuits can be produced
with little effort.

List of references

[0051]

1 current output

10 reference unit

20 current control unit

30 charge store arrangement
40 current mirror

50 clock generator

60 analog-to-digital converter
70 sensor

101, 102 reference output

110 operational amplifier

120 transistor

130, 131, 132, 150 resistive element
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Claims

current source
transistor

current terminal
differential amplifier
output

cascode transistor
control input

charge store terminals
current input

current output
transistor

filtering element
generator circuit
control input

clock output
synchronizer

data output

charge store

switching element
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charging current
output current

supply voltage terminal
ground potential terminal
time period

amplification factor

1. A current generation circuit, comprising

- a reference unit (10) comprising a first reference output (101) configured to provide a first reference voltage
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(VREF);

- a current control unit (20) comprising a first and a second current terminal (201, 202), the current control unit
(20) configured to control a current (IC) between the first and the second current terminal (201, 202) depending
on the first reference voltage (VREF);

- a first and a second charge store (C1, C2) each having a first and a second terminal (311, 312, 321, 322),
wherein the first terminals (311, 321) can be coupled to the first current terminal (201) or to the second terminal
(312, 322) of the respective charge store (C1, C2) depending on a switching signal;

- a current mirror (40) comprising an input (401) and an output (402), the input (401) coupled to the second
current terminal (202); and

- a current output (1) coupled to the output (402) of the current mirror (40).

The current generation circuit of claim 1,

wherein the first and the second charge store (C1, C2) each comprise a first temperature dependency and wherein
the reference unit (10) is configured to generate the reference voltage (VREF) with a second temperature dependency
being opposite to the first temperature dependency.

The current generation circuit of claim 1 or 2,
wherein the current mirror (40) comprises at least one filtering element (413, 414).

The current generation circuit of one of claims 1 to 3,
wherein the reference unit (10) comprises a bandgap circuit (11) configured to provide a bandgap voltage from
which the first reference voltage (VREF) is derived.

The current generation circuit of one of claims 1 to 4,
wherein the reference unit (10) comprises a second reference output (102) configured to provide a second reference
voltage (VREFOQ) which is temperature independent.

The current generation circuit of one of claims 1 to 5,
wherein the reference unit (10) comprises at least one resistive element (130, 131, 132) configured to derive the
first reference voltage (VREF).

The current generation circuit of one of claims 1 to 6,

wherein the current control unit (20) comprises a differential amplifier (210) and a cascode transistor (220), the
differential amplifier (210) having afirstinput (+) coupled to the first reference output (101), a second input (-) coupled
to the first or to the second current terminal (201, 202) and an output (211) coupled to a control input (221) of the
cascode transistor (220), a current path of the cascode transistor (220) being coupled between the first and the
second current terminal (201, 202).

The current generation circuit of one of claims 1 to 7,
wherein a capacitance value of the first and the second charge store (C1, C2) is adjustable.

The current generation circuit of one of claims 1 to 8, further comprising a clock generator (50) for providing the
switching signal.

The current generation circuit of claim 9,
wherein the clock generator (50) is configured to provide the switching signal with a programmable clock frequency.

A current generation method, comprising

- generating a reference voltage (VREF);

- generating a charging current (IC) during a first time period (T1) by charging a first charge store (C1) depending
on the reference voltage (VREF);

- discharging a second charge store (C2) during the first time period (T1);

- generating the charging current (IC) during a second time period (T2) by charging the second charge store
(C2) depending on the reference voltage (VREF);

- discharging the first charge store (C1) during the second time period (T2);

- amplifying the charging current (IC); and

- providing the amplified charging current as an output current (IOUT).
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The current generation method of claim 11,

wherein the first and the second charge store (C1, C2) each comprise a first temperature dependency, and wherein
the reference voltage (VREF) is generated with a second temperature dependency being opposite to the first tem-
perature dependency.

The current generation method of claim 11 or 12,
wherein amplifying the charging current (IC) comprises filtering the charging current (IC).
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