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(57) Abstract: A reference voltage circuit 2 comprises: a bandgap circuit portion comprising first and second reference transistors (Q1,
Q2) and a current source arranged to drive the first and second reference transistor at different current densities, wherein the first and
second reference transistors are connected to first and second nodes (N1, N2) respectively; an operational transconductance amplifier
(M4, M5, M10, M11, M12) arranged to produce an output current that is proportional to a difference between a voltage at the first
node and a voltage at the second node; an output current mirror circuit portion (M3) arranged to generate a mirror current that is a
scaled version of the output current and drive said mirror current through a load (R3) so as to produce a reference voltage (Vi.r); and
a reference monitoring circuit portion (6) arranged to monitor the operational transconductance amplifier and generate a flag (Vryeady)
if a current flowing through the operational transconductance amplifier exceeds a threshold.
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REFERENCE VOLTAGE GENERATOR

The present invention relates to reference voltage generators, particularly to
monitoring circuits that can ensure that a reference voltage generator is fully
initialised and able to produce a reference voltage that can be relied upon by other

electronic circuits and devices.

A reference voltage circuit is typically a key component within many electronic
devices as it provides the reference value to which a measured value is compared,
e.g. in voltage regulators which are control systems arranged to drive an output

voltage (the measured value) to a desired set point (the reference value).

Conventional temperature-stable reference voltage circuits are usually constructed
using bipolar junction transistors (BJTs), arranged to provide a bandgap reference
circuit, so named for producing a 1.25 V output voltage, close to the voltage
required for a charge carrier (i.e. an electron or a hole) to overcome the 1.22 eV
bandgap associated with silicon at absolute zero. It will of course be appreciated
that bandgap reference circuits may produce other reference voltages, for example
0.9V, which may be suitable for use by other circuitry within the device. Such a
bandgap reference circuit operates using a voltage difference between two p-n
junctions operated at different current densities to produce an output voltage with

low temperature dependence.

As reference voltages are heavily relied upon by various other circuits such as
comparators, analogue-to-digital converters (ADCs), and supply voltage monitoring
circuits (e.g. brown-out monitoring circuits), it is important to ensure that the
reference voltage that is being provided by the reference voltage circuit is at the
correct level and ready for use. Some reference voltage circuits are provided with a
reference monitoring circuit that checks the level of the reference voltage being
produced and produce a signal indicating whether or not the reference voltage is
ready for use. Conventional reference monitoring circuits known in the art per se
may typically include an operational transconductance amplifier (OTA) that
produces an output current that is dependent on a differential voltage input. An

ideal OTA possess a linear relationship between the differential input voltage and
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the output current, where there the constant factor relating the two quantities is

referred to as the transconductance of the amplifier, g,

However, conventional reference monitoring circuits are typically complex and
suffer accuracy issues. In particular, if the supply voltage drops (e.g. due to a
malfunction), the headroom of the OTA may be reduced such that the reference

monitoring circuit no longer functions as intended.

When viewed from a first aspect, the present invention provides a reference voltage
circuit comprising:

a bandgap circuit portion comprising first and second reference transistors
and a current source arranged to drive the first reference transistor at a first current
density and to drive the second reference transistor at a second, different current
density, wherein the first reference transistor is connected to a first node and the
second reference transistor is connected to a second node;

an operational transconductance amplifier arranged to produce an output
current that is proportional to a difference between a voltage at the first node and a
voltage at the second node;

an output current mirror circuit portion arranged to generate a mirror current
that is a scaled version of the output current and drive said mirror current through a
load so as to produce a reference voltage; and

a reference monitoring circuit portion arranged to monitor the operational
transconductance amplifier and generate a flag if a current flowing through the

operational transconductance amplifier exceeds a threshold.

Thus it will be appreciated by those skilled in the art that embodiments of the
present invention provide a voltage regulation circuit that can provide a flag
indicative of whether sufficient current is flowing through the operational
transconductance amplifier, and thus whether the bandgap circuit portion may be
relied upon for providing the reference voltage. The voltage regulation circuit of the
present invention provides the flag with a defined, logical state regardless of any
supply voltage variations as the threshold used by the reference monitoring circuit
portion "tracks" the headroom requirements of the operational transconductance
amplifier. In other words, as the reference monitoring circuit produces a flag when

the current through the operational transconductance amplifier exceeds a threshold,
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the reference monitoring circuit is "blind" to the headroom requirements of the
operational transconductance amplifier (the current is sufficient indication that it is
operating as required, regardless of headroom requirements). This may prevent
circuits that are dependent on the bandgap reference (e.g. a brown-out monitoring
circuit) from malfunctioning due to problems with the supply causing false positive

flags.

In some embodiments, the operational transconductance amplifier comprises first
and second differential pair field-effect-transistors (FETs) arranged such that a gate
terminal of the first differential pair field-effect-transistor is connected to the first
node and a gate terminal of the second differential pair field-effect-transistor is
connected to the second node. These first and second differential pair FETs form a
differential pair, known in the art per se, that provides an output that depends on a
difference between the voltages applied to the respective gate terminals of the first

and second differential pair FETSs.

In some embodiments, the operational transconductance amplifier (OTA) comprises
first and second current mirror load field-effect-transistors, arranged such that: a
drain terminal of the first current mirror load field-effect-transistor is connected to a
drain terminal of the first differential pair field-effect-transistor; a drain terminal of
the second current mirror load field-effect-transistor is connected to a drain terminal
of the second differential pair field-effect-transistor; and respective gate terminals of
the first and second current mirror load field-effect-transistors are connected to the
drain terminal of the first current mirror load field-effect-transistor. This
arrangement drives the differential amplifier of the OTA and to make the voltages at
the first and second nodes equal, hence closing the bandgap loop. In a set of
preferred embodiments, the first current mirror load field-effect-transistor is matched
to the first replica current mirror field-effect-transistor.

In some further embodiments, the operational transconductance amplifier
comprises a tail field-effect-transistor arranged such that a drain terminal thereof is
connected to respective drain terminals of the first and second differential pair field-
effect-transistors. In some such embodiments, a gate terminal of the tail field-
effect-transistor is connected to the current mirror.

In some embodiments, the reference monitoring circuit portion comprises a second

current mirror and a replica field-effect-transistor having a gate terminal thereof
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connected to the first node, wherein the second current mirror is arranged to
generate a replica current that is a scaled version of the output current and drive
said replica current through a first reference resistor so as to generate a voltage at
a monitor node between the second current mirror and the first reference resistor.
In a set of preferred embodiments, the replica field-effect transistor is matched to

the first differential pair field-effect-transistor.

It will be understood that the term "matched" as used herein with reference to two
transistors means that they are substantially identical, subject to any typical
manufacturing tolerances and variations. For example, two matched transistors
should be made from the same materials (e.g. metals, semiconductors and doping
levels) and have the same geometry (e.g. channel length and width), such that they
exhibit substantially the same electrical characteristics as one another. By having
the replica FET and the first differential FET matched in this manner, the replica
current will be the same current flowing through the "branch" of the operational

transconductance amplifier that includes the first differential FET.

In some embodiments, the second current mirror comprises first and second replica
current mirror field-effect-transistors, arranged such that: respective gate terminals
of the first and second replica current mirror field-effect-transistors are connected to
a drain terminal of the first replica current mirror field-effect-transistor and to a drain
terminal of the replica field-effect-transistor; and a drain terminal of the second

replica current mirror field-effect-transistor is connected to the monitor node.

While the voltage at the monitor node may be used as the flag itself, in preferred
embodiments the reference monitoring circuit portion comprises a single-input logic
gate having an input terminal thereof connected to the monitor node, wherein the
logic gate is arranged to produce a first logic value at an output thereof if the
voltage at the monitor node is above a first threshold and to produce a second logic
value at the output if the voltage at the monitor node is below a second threshold.
Thus, in accordance with such embodiments, the logic gate may produce a digital
signal (i.e. a binary '0' or '1") that depends on the value of the voltage at the monitor

node.
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In some such embodiments, the logic gate comprises a Boolean inverter, wherein
the first logic value is logic low and the second logic value is logic high. While such
a Boolean may use a single threshold (i.e. the first and second thresholds are
equal), in preferred embodiments a hysteresis arrangement is connected between
the input and the output of the inverter and is arranged such that the first threshold
is different to the second threshold. Such a hysteresis arrangement may, at least in
some embodiments, comprise a second reference resistor and a switching
arrangement, wherein said switching arrangement may selectively couple the first
and second reference resistors. Thus it can be seen that the resistance connected
to the monitor node can be varied between two different values in order to switch

between the first and second threshold values.

In a set of such embodiments, the switching arrangement comprises a hysteresis
transistor connected in parallel to the second reference resistor, wherein a gate
terminal of said hysteresis transistor is connected to the output of the inverter. In
such arrangements, the digital signal produced by the inverter is applied to the gate
terminal of the hysteresis transistor which, depending on the value of the digital
signal, will make drive the conductivity of the hysteresis transistor high, effectively
providing a "bypass" for current by shorting the second reference resistor, or low,
effectively disconnecting the hysteresis transistor and causing the resistances of

the first and second resistors to simply add in series.

In some alternative embodiments, the logic gate comprises a Schmitt trigger,
wherein the first logic value is logic high and the second logic value is logic low.
Schmitt triggers convert an analogue input signal (i.e. the voltage at the monitor
node) to a digital output signal and typically use positive feedback connected from
the output of a comparator differential amplifier to the non-inverting input of the

same so as to provide hysteresis.

The output current mirror circuit portion is arranged to take an output current
produced by the operational transconductance amplifier and drive a scaled version
of the replica current through the load so as to generate the reference voltage. In
some embodiments, the output current mirror circuit portion comprises:

an output field-effect-transistor arranged such that a gate terminal thereof is

connected to an output of the operational transconductance amplifier;
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first and second output current mirror field-effect-transistors, arranged such
that:

a drain terminal of the first output current mirror field-effect-transistor is
connected to a drain terminal of the output field-effect-transistor;

a drain terminal of the second output current mirror field-effect-transistor is
connected to the load; and

respective gate terminals of the first and second output current mirror field-
effect-transistors are connected to the drain terminal of the first output current

mirror field-effect-transistor.

In some preferred embodiments, the output current mirror circuit portion further
comprises third and fourth output current mirror field-effect-transistors, arranged
such that: respective gate terminals thereof are connected to the gate and drain
terminals of the first output current mirror field-effect-transistor; a drain terminal of
the third output current mirror field-effect-transistor is connected to the first node;
and a drain terminal of the fourth output current mirror field-effect-transistor is

connected to the second node.

The Applicant has appreciated that it is advantageous the drive the reference
monitoring circuit portion with the current produced by the output current mirror
circuit portion and thus in some preferred embodiments, the reference monitoring
circuit portion comprises a reference mirror field-effect-transistor arranged such
that: a drain terminal thereof is connected to a source terminal of the replica field-
effect-transistor; and respective gate terminals thereof are connected to the gate

and drain terminals of the first output current mirror field-effect-transistor.

In order to drive the first and second reference transistors at different current
densities, the amount of current flowing through and/or the widths of the first and
second transistors must be different. Conveniently the bandgap circuit portion is
arranged such that the amount of current through each of the first and second
transistors is the same and therefore in a set of embodiments the first and second
reference transistors have different widths. In at least some embodiments, a fixed
resistor is connected in series with at least the larger one of the first and second
reference transistors. This provides compensation for the greater voltage drop

across the larger transistor. In some such embodiments, a temperature
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linearisation resistor is connected in parallel with the series arrangement of the
fixed resistor and the larger one of the first and second reference transistors. This
may allow the circuit portion to provide reference currents which are relatively
stable with temperature whereas convention bandgap circuits provide currents that

are proportional to absolute temperature.

The output impedance associated with FET-based current sources can often be
lower than might be desirable. Accordingly, in some embodiments the reference
voltage circuit comprises a cascode circuit arranged to vary an effective output
impedance of the output current mirror circuit portion. In some such embodiments,
the cascode circuit portion comprises:

a first cascode transistor in series with the operational transconductance
amplifier;

a second cascode transistor in series with the first reference transistor;

a third cascode transistor in series with the second reference transistor;

a fourth cascode transistor in series with the load; and

a fifth cascode transistor in series with the reference monitoring circuit;
wherein a control signal is applied to the gate terminals of said first, second, third,
fourth, and fifth cascode transistors. In some embodiments, two or more of the first,
second, third, fourth, and fifth cascode transistors are substantially matched to one
another. In preferred embodiments, all of the first, second, third, fourth, and fifth

cascode transistors are substantially matched to one another.

An embodiment of the invention will now be described, by way of example only,
with reference to the accompanying drawings in which:

Fig. 1 is a circuit diagram of a reference voltage circuit in accordance with
an embodiment of the present invention; and

Fig. 2 is a circuit diagram of a brown-out reset circuit that uses the reference

voltage circuit of Fig. 1.

Fig. 1 is a circuit diagram of a reference voltage circuit 2 in accordance with an
embodiment of the present invention. While it will be appreciated that the reference
voltage circuit 2 shown in Fig. 1 would typically be implemented as a single device,
it is shown divided into two logical circuit blocks — a bandgap reference circuit 4 and

a reference monitoring circuit 6 — for ease of reference. The bandgap reference
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circuit 4 is arranged to provide a fixed reference voltage V., that does not vary with
temperature. The reference monitoring circuit 6 is arranged to monitor the bandgap
reference circuit 4 and produce an output signal or “flag” V(eaq, that indicates

whether or not the bandgap reference circuit 4 is fully initialised.

The bandgap reference circuit 4 utilises two diode-connected bipolar junction
transistors (BJTs) Q1, Q2 as reference transistors which are arranged in parallel.
These two reference BJTs Q1, Q2 are arranged to be driven at different current
densities as will be described in further detail below. The term “diode-connected”
as used herein with reference to a BJT should be understood to mean that the base
and collector terminals of the BJT are connected to one another. The emitter
terminal of the first reference BJT Q1 is connected to a first node N1, while the
emitter terminal of the second reference BJT Q2 is connected to a second node N2

via a fixed resistor R1.

The emitter area of the first reference transistor Q1 is greater than that of the
second reference transistor Q1. This means that if the emitter current flowing

through each transistor Q1, Q2 is the same, the current densities are different.

A further resistor R2 is connected in parallel with the second reference BJT Q2 and

the fixed resistor R1 and provides temperature linearisation as explained below.

The bandgap reference circuit 4 further comprises an operational transconductance
amplifier (OTA) constructed from a differential pair of p-channel metal-oxide-
semiconductor field-effect-transistors (P(MOSFETs) M4, M5, wherein the gate
terminal of M4 is connected to the second node N2 and the gate terminal of M5 is
connected to the first node N1. The respective source terminals of M4 and M5 are
connected to the supply voltage Vpp via a tail mirror pMOSFET M10 and a cascade
pMOSFET M11, the operation of both of which will be described in further detalil
below. The respective drain terminals of M4 and M5 are connected to a current
mirror load which is constructed from two n-channel metal-oxide-semiconductor
field-effect-transistors (nMOSFETs) M12, M13, arranged such that the drain
terminal of the first current mirror load NMOSFET M13 is connected to the drain
terminal of M5 and to the gate terminals of M12 and M13. The drain terminal of the

other current mirror load MOSFET M12 is connected to the drain terminal of M4,
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while the source terminals of both M12 and M13 are connected to the negative
supply rail Vss. The output of this differential amplifier is applied to the gate
terminal of an output NMOSFET M14, which has its source terminal connected to
the negative supply rail Vgg and its drain terminal connected to the gate and drain
terminals of a diode-connected pMOSFET M9.

This diode-connected pMOSFET M9 has its source terminal connected to the
positive supply rail Vpp and forms a current mirror with a number of other
pMOSFETs. Specifically, the gate and drain terminals of M9 are connected to the
gate terminals of: the tail mirror pMOSFET M10; two variable pMOSFETs M1 and
M2 arranged in series with the first and second reference BJTs Q1 and Q2
respectively; a load mirror pMOSFET M3 which is connected in series with a load
resistance R3 as will be described below; and a monitoring mirror pMOSFET M23
situated within the reference monitoring circuit 6. Thus the current that flows
through M9 (due to the conductance of the output NMOSFET M14 as dictated by
the output of the differential ampilifier) will be mirrored (i.e. copied) through M1, M2,
M3, M10, and M23. Ideally at least some, and preferably all, of these transistors
M1, M2, M3, M10, and M23 are matched to M9 and, by extension, to one another.

The bandgap reference circuit 4 further comprises a cascode circuit portion
comprising: a first cascode pMOSFET M11 connected in series with the tail mirror
pMOSFET M10 and the differential pair pMOSFETs M4 and M4; a second cascode
pMOSFET M15 connected between M1 and Q1; a third cascode pMOSFET M16
connected between M2 and R1; a fourth cascode pMOSFET M17 connected
between M3 and R3; and a fifth cascode pMOSFET M22 connected to the
monitoring mirror pPMOSFET M23. The gate terminals of each of these cascode
transistors M11, M15, M16, M17, M22 are connected to a control voltage V ascode
that controls the conductivity of the cascode circuit portion and sets the output
impedance of the effective current sources (i.e. the tail-based current source
provided to the differential pair transistors M4 and M5, the current sources provided
to the reference transistors Q1 and Q2 by M1 and M2 respectively, the current
source provided to the load R3 by M3, and the current source provided by M23 to
the reference monitoring circuit portion 6), to a desired value. Similarly to the

current mirror arrangement described above, it is advantageous if some, and
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preferably all, of these transistors M11, M15, M16, M17, and M22 are matched to

one another.

The reference monitoring circuit 6 comprises the monitoring mirror pMOSFET M23
and the monitoring cascode pMOSFET M22 as described previously and further
comprises: a replica pMOSFET M6; a replica current mirror constructed from two
replica current mirror NMOSFETs M20 and M21; an inverter 8; fixed resistors R5
and R6; and a hysteresis pMOSFET M18. The reference monitoring circuit 6 is
arranged such that the source terminal of M23 is connected to the positive supply
voltage Vpp; the source terminal of M22 is connected to the drain terminal of M23;
the source terminal of M6 is connected to the drain terminal of M22; and the drain
terminal of M20 is connected to the drain terminal of M6. Furthermore, the gate
terminals of M20 and M21 are both connected to the respective drain terminals of
M6 and M20. The drain terminal of M21 is connected to the input of the inverter 8
at a monitoring node N3 and to R6 which is further connected to the input voltage
Vpp via R5. R5 is arranged in parallel with the hysteresis pPMOSFET M18 such that
the source terminal of M18 is connected to Vpp, the drain terminal of M18 is
connected to a node between R5 and R6, and the gate terminal of M18 is

connected to the output of the inverter 8.

The inverter 8 is arranged to perform a Boolean NOT operation on a signal
provided at its input and provide a digital output signal V.4, that is indicative of

whether the bandgap reference circuit 4 is ready for use.

The operational transconductance amplifier is arranged to attempt to drive the
voltage at the two nodes N1, N2 to the same value. Any difference in the voltages
at the two nodes N1, N2 will cause a non-zero output voltage at the drain terminal
of M12 which is applied to the gate terminal of M14. This causes M14 to conduct
and thus a current flows from Vpp to Vss through the diode-connected transistor M9.
As the current through M9 is mirrored through M3, a current flows through the
reference resistor R3 which gives rise to the reference voltage V. across R3 in

accordance with Ohm's law.

As a result of the current mirrors based on M1 and M2 respectively, the emitter

currents through the reference transistors Q1, Q2 are the same. However as Q2 is
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larger, say N times larger, its base-emitter voltage Vg, will be lower than the base-

emitter voltage of Q1, Vggq as shown in Eq. 1:

kT
Vigs =Vam ——-ln(N)
q (Eq 1)

where k/q is a constant and T is temperature.
The OTA comprising M4 and M5 ensures that nodes N1 and N2 are at the same

voltage. Hence, the voltage across resistor R1 is equal to Vge1-Vaeez, and the current

through this resistor becomes:

IRI _ VBEI _VBEZ :k—T-ln(N)

R gR, (Eq 2)

The current through resistor R2 can simply be expressed as:

B (Eq 3)

From this, the current through the pMOS transistor M2 is calculated as:

L=l + 1y = Ve, +k—T-ln(N)
Fo (Eq4)

This is also the current through M3, and hence the output voltage becomes:

R R. kT
Vref:R3']M3:RT2'VBE1+F?'?'IH(N) (Eq 5)

Vees has a negative temperature coefficient, while kT/q has a positive temperature
coefficient. By adjusting the ratio of R1 and R2 it is possible to achieve an overall
temperature coefficient that is close to zero within the operating temperature range.

The output voltage is then set to the desired level (0.9V) by adjusting R3.
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The circuit shown thus provides reference currents that are relatively stable with
temperature, whereas conventional bandgap circuits provide currents that are

proportional to absolute temperature.

Furthermore, as the current through M9 is also mirrored through M23 (providing M5
is well matched with M6 and M13 is well matched with M20), the same current that
flows through the “branch” of the operational transconductance amplifier comprising
M10, M11, M5, and M13 will flow through the replica branch in the reference
monitoring circuit 6 comprising M23, M22, M6, and M20. Furthermore as M20
forms a current mirror with M21, the current that flows through this replica branch
will also flow through M21. Due to the fixed resistor R6 (and in some cases R5),
this current provides a voltage at the monitoring node N3 which is connected to the

input of the inverter 8.

If the voltage at this monitoring node N3 is sufficiently low, the inverter 8 will
produce a logic high (i.e. a digital “one”) at its output, and this digital signal is the
flag Vieaqy Used to indicate whether or not the band gap reference circuit 4 is ready
for use by external circuitry. When V.4, is logic high, the hysteresis transistor M18
is effectively disabled due to the connection of its gate terminal to the output of the
inverter 8. Under such circumstances, the voltage at the monitoring node N3 will be
equal to the current flowing through M21 multiplied by the resistance of the series
combination of R5 and R6 (any drain-source resistance of M21 is ignored here for

simplicity).

If the voltage at the monitoring node N3 exceeds a particular threshold, the inverter
8 will produce a logic low (i.e. a digital “zero”) flag Vieaqy. Due to the connection of

the output of the inverter 8 to the gate terminal of the hysteresis transistor M18, this
causes the hysteresis transistor M18 to conduct, effectively “short circuiting” R5. In
this case, the voltage at the monitoring node N3 is then equal to the current flowing

through M21 multiplied by the resistance of R6 only.

Thus the reference monitoring circuit 6 keeps the flag V .4y at logic low until
sufficient current flows through the OTA (i.e. through the branch comprising M5,

M11, M10, and M13), which is indicative of the bandgap reference circuit 4 being
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ready for use. As the reference monitoring circuit 6 is "blind" to the headroom
requirements of the OTA, sufficient current will only be flowing through the OTA
when it is operating as required regardless of headroom requirements, which is an
indirect indication that the bandgap reference circuit 4 may be relied on by external

circuitry.

Fig. 2 is a circuit diagram of a brown-out reset (BOR) circuit 10 that uses the
reference voltage circuit 2 described previously with reference to Fig. 1. The BOR
circuit 10 comprises a comparator 12, a two input NAND gate 14, and a potential
divider constructed from two fixed resistors R7 and R8 between the supply rails
Vop, Vss. A potential divider voltage V4, which is a fixed fraction of the supply
voltage at a node between R7 and R8 is provided at to the non-inverting input of the
comparator 12. The reference voltage Vs produced by the band gap reference
circuit 4 within the reference voltage circuit 2 of Fig. 1 is provided to the inverting
input of the comparator 12. The output of this comparator 12 is connected to one of
the inputs of the NAND gate 14, while the other input of the NAND gate 14 is
arranged to receive the flag V .aqy produced by the reference monitoring circuit 6.
This NAND gate 14 is arranged to perform a Boolean NAND operation on its two
inputs and produce a brown-out reset signal Vgor Which is arranged to reset the

device in the event of a brown-out.

Under normal operation the flag V eaq, is high indicating that the reference voltage
Vs produced by the reference voltage circuit 2 is reliable. The supply voltage will
be sufficiently high that the voltage V4 produced by the potential divider is greater
than the reference voltage Vs and so the output of the comparator 12 will also be
high. As both inputs to the NAND gate are 14 are high, its output Vgor remains low.
In the event of a significant drop in the supply voltage, the voltage V4 produced by
the potential divider falls below the reference V. s0 the output of the comparator
goes low. Because one of the inputs to the NAND gate 14 goes low, the Vgor
output is pushed high, triggering a reset. With a further drop in supply voltage the
bandgap reference circuit 4 enters a region where it does not have enough supply

voltage to generate Vs and so the V..qy flag goes low,

Since the bandgap reference circuit 4 is no longer providing an adequate reference

voltage the voltage at point V4 could become higher than V., in turn triggering the
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output of the comparator 12 high. However the brown-out reset signal Vgor remains
high because the V .4y flag being low keeps the output of the NAND gate 14 low. It
can be seen therefore that without this gating of the comparator 12 with the V eaqy
flag the brown-out reset signal Vgor, could have been erroneously removed.

After restoration of the supply voltage, or in the case of initial switch-on of the
device, the output of the comparator 12 goes high because the potential divider
voltage V4 is pulled higher than the reference voltage V., but the brown-out reset
signal Vgor Will not go low again until the V.4, flag also goes high. This ensures
that the brown-out reset signal Vger is not removed until the reference voltage V. is
stable and ready to be used. The V. eaqy, flag is tracked to the supply requirement of
the bandgap reference circuit 4 and means that the situation whereby the
comparator produces a false positive is masked because the reference monitoring

circuit 6 has a defined reset state below its threshold.

Thus it will be appreciated by those skilled in the art that the present invention
provides a reference voltage circuit having a reference monitoring circuit that
provides a flag indicative of the reference voltage circuit being ready for use by
external circuitry, wherein the flag has a well-defined logical state regardless of any
supply voltage variations. It will be appreciated by those skilled in the art that the
embodiments described above are merely exemplary and are not limiting on the

scope of the invention.
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Claims

1. A reference voltage circuit comprising:

a bandgap circuit portion comprising first and second reference transistors
and a current source arranged to drive the first reference transistor at a first current
density and to drive the second reference transistor at a second, different current
density, wherein the first reference transistor is connected to a first node and the
second reference transistor is connected to a second node;

an operational transconductance amplifier arranged to produce an output
current that is proportional to a difference between a voltage at the first node and a
voltage at the second node;

an output current mirror circuit portion arranged to generate a mirror current
that is a scaled version of the output current and drive said mirror current through a
load so as to produce a reference voltage; and

a reference monitoring circuit portion arranged to monitor the operational
transconductance amplifier and generate a flag if a current flowing through the

operational transconductance amplifier exceeds a threshold.

2. The reference voltage circuit as claimed in claim 1, wherein the operational
transconductance amplifier comprises first and second differential pair field-effect-
transistors arranged such that a gate terminal of the first differential pair field-effect-
transistor is connected to the first node and a gate terminal of the second

differential pair field-effect-transistor is connected to the second node.

3. The reference voltage circuit as claimed in claim 2, wherein the operational
transconductance amplifier comprises first and second current mirror load field-
effect-transistors, arranged such that:

a drain terminal of the first current mirror load field-effect-transistor is
connected to a drain terminal of the first differential pair field-effect-transistor,;

a drain terminal of the second current mirror load field-effect-transistor is
connected to a drain terminal of the second differential pair field-effect-transistor;
and

respective gate terminals of the first and second current mirror load field-
effect-transistors are connected to the drain terminal of the first current mirror load

field-effect-transistor.
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4 The reference voltage circuit as claimed in claim 2 or 3, wherein the
operational transconductance amplifier comprises a tail field-effect-transistor
arranged such that a drain terminal thereof is connected to respective drain

terminals of the first and second differential pair field-effect-transistors.

5. The reference voltage circuit as claimed in claim 4, wherein a gate terminal
of the tail field-effect-transistor is connected to the output current mirror circuit

portion.

6. The reference voltage circuit as claimed in claim 1, wherein the reference
monitoring circuit portion comprises a second current mirror and a replica field-
effect-transistor having a gate terminal thereof connected to the first node, wherein
the second current mirror is arranged to generate a replica current that is a scaled
version of the output current and drive said replica current through a first reference
resistor so as to generate a voltage at a monitor node between the second current

mirror and the first reference resistor.

7. The reference voltage circuit as claimed in any of claims 2 to 5, wherein the
reference monitoring circuit portion comprises a second current mirror and a replica
field-effect-transistor having a gate terminal thereof connected to the first node,
wherein the second current mirror is arranged to generate a replica current that is a
scaled version of the output current and drive said replica current through a first
reference resistor so as to generate a voltage at a monitor node between the

second current mirror and the first reference resistor.

8. The reference voltage circuit as claimed in claim 7, wherein the replica field-

effect transistor is matched to the first differential pair field-effect-transistor.

9. The reference voltage circuit as claimed in any of claims 6 to 8, wherein the
second current mirror comprises first and second replica current mirror field-effect-
transistors, arranged such that:

respective gate terminals of the first and second replica current mirror field-
effect-transistors are connected to a drain terminal of the first replica current mirror

field-effect-transistor and to a drain terminal of the replica field-effect-transistor; and
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a drain terminal of the second replica current mirror field-effect-transistor is

connected to the monitor node.

10. The reference voltage circuit as claimed in any preceding claim, wherein the
reference monitoring circuit portion comprises a single-input logic gate having an
input terminal thereof connected to the monitor node, wherein the logic gate is
arranged to produce a first logic value at an output thereof if the voltage at the
monitor node is above a first threshold and to produce a second logic value at the

output if the voltage at the monitor node is below a second threshold.

11. The reference voltage circuit as claimed in claim 10, wherein the logic gate
comprises a Boolean inverter, the first logic value is logic low and the second logic

value is logic high.

12. The reference voltage circuit as claimed in claim 11, comprising a hysteresis
arrangement connected between the input and the output of the inverter and is

arranged such that the first threshold is different to the second threshold.

13. The reference voltage circuit as claimed in claim 12, wherein the hysteresis
arrangement comprises a second reference resistor and a switching arrangement,
wherein said switching arrangement may selectively couple the first and second

reference resistors.

14. The reference voltage circuit as claimed in claim 13, wherein the switching
arrangement comprises a hysteresis transistor connected in parallel to the second
reference resistor, wherein a gate terminal of said hysteresis transistor is connected

to the output of the inverter.

15. The reference voltage circuit as claimed in claim 10, wherein the logic gate
comprises a Schmitt trigger, the first logic value is logic high and the second logic

value is logic low.

16. The reference voltage circuit as claimed in any preceding claim, wherein the

output current mirror circuit portion comprises:
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an output field-effect-transistor arranged such that a gate terminal thereof is
connected to an output of the operational transconductance amplifier;

first and second output current mirror field-effect-transistors, arranged such
that:

a drain terminal of the first output current mirror field-effect-transistor is
connected to a drain terminal of the output field-effect-transistor;

a drain terminal of the second output current mirror field-effect-transistor is
connected to the load; and

respective gate terminals of the first and second output current mirror field-
effect-transistors are connected to the drain terminal of the first output current

mirror field-effect-transistor.

17. The reference voltage circuit as claimed in claim 16, wherein the output
current mirror circuit portion further comprises third and fourth output current mirror
field-effect-transistors, arranged such that:

respective gate terminals thereof are connected to the gate and drain
terminals of the first output current mirror field-effect-transistor;

a drain terminal of the third output current mirror field-effect-transistor is
connected to the first node; and

a drain terminal of the fourth output current mirror field-effect-transistor is

connected to the second node.

18. The reference voltage circuit as claimed in any preceding claim, wherein the
reference monitoring circuit portion comprises a reference mirror field-effect-
transistor arranged such that: a drain terminal thereof is connected to a source
terminal of the replica field-effect-transistor; and respective gate terminals thereof
are connected to the gate and drain terminals of the first output current mirror field-

effect-transistor.

19. The reference voltage circuit as claimed in any preceding claim, wherein the

first and second reference transistors have different widths.

20. The reference voltage circuit as claimed in claim 19, comprising a fixed
resistor connected in series with at least the larger one of the first and second

reference transistors.
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21. The reference voltage circuit as claimed in claim 20, comprising a
temperature linearisation resistor connected in parallel with the series arrangement

of the fixed resistor and the larger one of the first and second reference transistors.

22. The reference voltage circuit as claimed in any preceding claim, further
comprising a cascode circuit arranged to vary an effective output impedance of the

output current mirror circuit portion.

23. The reference voltage circuit as claimed in claim 22, wherein the cascode
circuit portion comprises:

a first cascode transistor in series with the operational transconductance
amplifier;

a second cascode transistor in series with the first reference transistor;

a third cascode transistor in series with the second reference transistor;

a fourth cascode transistor in series with the load; and

a fifth cascode transistor in series with the reference monitoring circuit;
wherein a control signal is applied to the gate terminals of said first, second, third,

fourth, and fifth cascode transistors.

24. The reference voltage circuit as claimed in claim 23, wherein two or more of
the first, second, third, fourth, and fifth cascode transistors are substantially

matched to one another.

25. The reference voltage circuit as claimed in claim 24, wherein all of the first,
second, third, fourth, and fifth cascode transistors are substantially matched to one

another.
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