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Improved bandgap voltage reference

Field of the Invention

The 'present invention relates to voltage reference circuits and in
particular to a voltage reference circuit implemented using bandgap techniques.
More particularly the present invention relates to a method and circuit that
provide a voltage reference with very low temperature coefficient (TG) and

reduced sensitivity to amplifier noise and offset.

Background Of The Invention

A bandgap voltage reference circuit is based on addition of two voltages
having equal and opposite temperature coefficient. The first voltage is a base-
emitter voltage of a forward biased bipolar transistor. This voltage has a
negative TC of about —2.2mV/C and is usually denoted as a Complementary to
Absolute Temperature or CTAT voltage. The second volitage which is
Proportional to Absolute Temperature, or a PTAT voltage, is formed by
amplifying the voltage difference AVbe) of two forward biased base emitter
junctions of bipolar transistors operating at different current densities. These
type of circuits are well known and further details of their operation is given in
Chapter 4 of “Analysis and Design of Analog Integrated Circuits”, 4" Edition by

Gray et al, the contents of which are incorporated herein by reference.

A classical configuration of such a voltage reference circuit is known as
a “Brokaw Cell”, an example of which is shown in Figure 1. First and second

transistors Q1, Q2 have their respective collectors coupled to the non-inverting
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and inverting inputs of an amplifier A1. The bases of each transistor are
commonly coupled, and this common node is coupled via a resistor, t5, to the
output of the ampilifier. This common node of the coupled bases and resistor r5
is coupled via another resistor, 16, to ground. The emitter of Q2 is coupled via
a resistor, r1, to a common node with the emitter of transistor Q1. This
common node is fhen coupled via a second resistor, r2, to ground. A feedback
loop from the output node of A1 is provided via a resistor, r3, to the collector of

Q2, and via a resistor r4 to the collector of Q1.

In Fig.1, the transistor Q2 is provided with a larger emitter area relative
to that of tansistor Q1 and as such, the two bipolar transistors Q1 and Q2

operate at different current densities. Across resistor r1 a voltage, AVbe, is

developed of the form:

(1)

where

k is the Boltzmann constant,

gis the charge on the electron,

T is the operating temperature in Kelvin,

n is the collector current density ratio of the two bipolar transistors.

Usually the two resistors r3 and r4 are equal and the collector current
density ratio is given by the ratio of emitter area of Q2 to Q1. In order to reduce
the reference voltage variation due to the process variation Q2 may be
provided as an array of n fransistors, each transistor being of the same area as
Q1.
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The voltage AVbe generates a current, 11, which is also a PTAT current.

The voltage of the common base node of Q1 and Q2 will be:

V, = 2AVbe *1_:1)‘—+vb,_,1

’ ()

By properly scaling the resistor’s ratio and current density the voltage “Vb”
is temperature insensitive by the first order, and apart from the curvature which
is effected by the base-emitier voltage can be considered as remaining
compensated. The voltage “Vb” is scaled to the amplifier's output as a

10 reference voltage, Vs, by the ratio of r5 to r6:

Vig = QAV,, #7247, )1+ 2 + (1,(Q,) + 1,(2,) 7
6

1

(3)
Here 1,(Q4) and Ix(Q2) are the base currents of Q1 and Q2.

15 Although a “Brokaw Cell” is widely used, it still has some drawbacks. The
second term in equation 3 represents the error due o the base currents. In
order to reduce this error r5 has to be as low as possible. As r5 is reduced, the
current extracted from supply voltage via reference voltage increases and this
is a drawback. Another drawback is related to the fact that as operating

20 temperature changes the collector-base voltage of the two transistors also
changes. As a result of the Early effect (the effect on transistor operation of
varying the effective base width due to the application of bias), the currents into
the two transistors are affected. Further information on the Early effect may be

found on page 15 of the aforementioned 4™ Edition of the Analysis and Design
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reference.

If the second order effects in the circuit of Figure 1 are neglected the

amplifier's input offset voltage Vo is reflected into the reference voltage node

as:
r2 rS
V. =V *_(1+—5)
el g r6 (4)
The amplifier’s noise is also reflected from input to reference node with the
same gain:
2
G="21+2)
r4 r6 (5)

From equation 4 and Figure 1 it is clear that the easy way to reduce
offset and noise sensitivity in “Brokaw Cell” is to make r4 larger compared {0 r2.
But as r4 is larger, the collector-base voltages of Q1 and Q2 are also larger and

Early effect is exaggerated.

The “Brokaw Cell” also suffers, in the same way as all uncompensated
reference voltages do, in that it is affected by “curvature” of base-emitter

voltage.

The base-emitter voltage of a bipolar transistor, used as a CTAT voltage
in bandgap voltage references, and as biased by a PTAT collector current is

temperature related as equation 6 shows:
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T T kT (T
Vo (T) = Vio| 1 —— |+ Vbeo—~ (0 = )—In| —
To To q To (6)

where:

Vee(T) is the temperature dependence of the base-emitter voltage for the
bipolar transistor at operating temperature,

Vemo is the base-emitter voltage for the bipolar transistor at a reference
temperature,

Vaois the bandgap voltage or base-emitter voltage at OK temperature,

Tois the reference temperature,

o is the saturation current temperature exponent (sometimes referred as

XTI in the computer added simulators).

The PTAT voltage developed across r2 in Figure 1 only compensates for
the first two terms in equation 6. The last term, which provides the “curvature”
of the order of about 2.5mV for the industrial temperature range (40C to 85CS
remains uncompensated and this is gained into the reference voltage by the

gain factor G (equation 5).

As the “Brokaw Cell” is well balanced, it is not easy to compensate
internally for the “curvature” error. One aftempt to compensate this error is
presented in US patent No. 5,352,973 co-assigned to the assignee of the

present invention, the disclosure of which is incorporated herein by way of

‘reference. In this US patent, although the “curvature” error is compensated, in

this methodology by use of a separate circuit which biases an extra bipolar

transistor with constant current, it does require the use of an additional circuit.
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Other known examples of band gap reference circuits include those
described in US 4,399, 398 assigned to the RCA Corporation which describes
a voltage reference circuit with feedback which is adapted to control the current
flowing between first and second output terminals in response to the reference
potential departing from a predetermined value. This circuit is a simple
implementation that achieves a reduction of the Early effect. The circuit serves
to reduce the base current effect, but at the cost of high power. As a result, this
circuit is only suited for relatively high current applications. This can be traced
to the fact that the compensation for the base current is effected by operating
transistor T1 at a higher current than transistor T2, and as the power is
increased the dissipation across RS is also increased. Also, it will be
appreciated from an examination of the circuitry that the power supply rejection

achieved is relatively modest.

It will be appreciated therefore that although the circuitry described in
Figure 1 has very low offset and noise sensitivity, there is still a need to provide

for further reduction in sensitivity to offset and noise.

Summary Of The Invention

Accordingly, a first embodiment of the invention provides an improved
voltage reference circuit adapted to overcome these and other disadvantages
of the prior art. The invention provides a bandgap reference circuit which by
scaling the voltage difference between two transistors operating at different
current densities can provide at an output of an amplifier a voltage rference.
The circuit of the present invention is further adapted to reduce voltage
differences between the collector-bases regions of the two transistors thereby

minimising the Early effect.
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In accordance with a preferred embodiment, a bandgap reference voltage
circuit including a first amplifier having a first and second input and providing a
voltage reference at the output thereof is provided. The ampilifier is coupled at
its first input to a first transistor and at the second input to a second transistor,
the second transistor having an emitter area larger than that of the first
transistor. The second transistor is coupled at its emitter to a load resistor, the
load resistor providing, in use, a measure of the difference in base emitter
voltages between the first and second transistors, AVbe, for use in the
formation of the bandgap reference voltage. In accordance with the invention,
the bases of each transistor are commonly coupled such that the base of the
first and second transistor is at the same potential, one of the first and second
transistors is provided in a diode connected configuration, and the base
collector voltage of the other of the first and second transistors is maintained at
zero by the amplifier which is coupled in a feedback loop to the collector of

each of the transistors, thereby reducing the Early effect.

The circuit desirably further includes a third and fourth transistor, the third
transistor being coupled to the emitter of the first transistor and the fourth
transistor being coupled via the load resistor to the emitter of the second
transistor, the emitter area of the fourth transistor being greater than that of the
first or third transistor, such that the first and third transistors operate at a
higher current density than the second and fourth transistors and wherein a
PTAT voltage is provided via a resistor, in the feedback loop, at the second
input to the amplifier such that the voltage provided at the output of the
amplifier is a combination of the base emitter voltages of the first and third

transistors plus the PTAT voltage.
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Each of the third and fourth transistors are desirably provided in a diode
connected configuration. The emitter of the third transistor is preferably coupled
via a second resistor to ground, the value of the resistor effecting a shifting of
the reference voltage from twice the natural bandgap voltage to a desired

voltage, thereby enabling an offset adjustment to the circuit.

A third and fourth resistor are typically provided in each of the feedback
loop paths between the output of the amplifier and the collectors of the first and

second transistors respectively.

The resistors provided in each of the feedback loops are either

substantially the same value, or may be chosen to be of different values.

The circuit may additionally include circuitry adapted to provide the base
current for the non-diode connected transistor and to extract that same current
from the collector of the same transistor, thereby maintaining the collector

current of each of the first and second transistors at the same value.

Such circuitry may be adapted to compensate for base current variation
between the non-diode connected transistor and the other transistor, thereby

reducing errors in the circuit due to the base current.

Typically, the nondiode connected transistor is the first transistor and the
circuitry adapted to extract the current from the collector of the first transistor
includes a replication of the leg of the circuit defined by the first and third

transistors, the replicated leg including a fifth and sixth transistor of the circuit,
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the base of the fifth transistor being coupled to the collector of the first
transistor, the emitter of the fifth transistor being coupled to the collector of the
sixth transistor, the base of the sixth transistor being coupled to the diode
connected base of the third transistor thereby providing a current mirror, such
that a base current is extracted from the collector of the first transistor by the

fifth transistor.

The base current of the first and second transistors may be further
mirrored via seventh and eight transistors and a bipolar mirror, the base
currents of the sixth and eight transistors being supplied by a double current
mirror from the output of the amplifier such that the collector currents of each of

the third, sixth and eight transistors are the same.

The collector of the fifth transistor is typically coupled via a resistor to the
output of the amplifier, the value of the resistor being substantially equivalent to .
that of the fourth resistor such that the base current of the fifth transistor tracks

the base current of the first transistor.

The base current of the first and second transistors may be further
mirrored via a series of mirrors coupled to the fifth and seventh transistors such
that the mirrored current may be extracted from the emitters of the fifth and
seventh transistors thereby ensuring that the collector currents of the fifth and
seventh transistors are substantially the same value, this current being further
mirrored via a current mirror coupled between the collector of the seventh

transistor and the output of the amplifier, thereby providing a PTAT current.
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Certain embodiments may further include circuitry adapted to provide a
correction voltage adapted to compensate for the curvature of the voltage of the
first and third transistors, the incorporation of the correction voltage effecting a

cancelling of the curvature.

Such circuitry is typically adapted to provide a mixiure of PTAT and CTAT

voltages at the load resistor.

The correction voltage is typically provided by mirroring the base-emitter
voltage of the fourth transistor across a resistor and effecting the generation of
a complimentary to absolute temperature (CTAT) current using a MOSFET
device and amplifier, the GTAT current being provided back into the fourth
transistor via at least one current mirror thereby replicating across the load
resistor a voltage having an inverse curvature, the combination of this

replicated voltage and the previously present voltage (AVye) effecting a

cancellation of the curvature.

.The size of the voltage having an inverse curvature may be modified by
changing the slope of the current provided by the current mirror and fourth

transistor.

Modifications to the circuit of the invention may include a plurality of
additional transistors coupled to the third and fourth transistors, the plurality of
additional transistors being provided in a stack arrangement, thereby enabling a

use of the reference circuit with higher reference voltages.



WO 2005/057313 PCT/EP2004/053306

10

15

20

25

11

The invention also provides a method of providing a bandgap reference
voltage circuit adapted to compensate for the Early effect, the method
comprising the steps of:

providing first and second transistors, each transistor adapted to operate
at different current densities, the first transistor being provided in a diode
connected configuration, the transistors being additionally coupled to the inputs
of an amplifier,

scaling the voltage difference between two transistors operating at
different current densities so as to provide a reference voltage at an output of
the ampilifier,

providing a feedback loop, the feedback loop coupling each of the first and
second transistors to the output of the amplifier so as to provide at an output of
an amplifier a voltage reference, such that the collector base voltage of each of

the first and second transistors is reduced to zero.

Brief Description Of The Drawings

The present invention will now be described with reference o the
accompanying drawings in which:

Figure 1 is an example of a typical “Brokaw” cell in accordance with the
prior art;

Figure 2 is an example of a circuit according to a preferred embodiment of
the present invention;

Figure 3 is a simulation of the performance of a circuit in accordance with
the prior art;

Figure 4 is a simulation of the currents through the output divider (r5, r6)

and their difference (base currents) for the circuit of Figure1;
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Figure 5 is a simulation of the reference voltage in accordance with the
circuit of Figure 2;

Figure 6 is a simulation of the base current (Q1), the correction base
current (Q5) and their difference in accordance with the circuit of Figure 2;

Figure 7 is a simulation of the base current, the compensation base
current and their difference for the circuit of Figure 2;

Figure 8 highlights how the offset voltage influence the collector currents

of Q1 and Q2 into the circuit of Figure 2;

Figure 9 is modification to the circuit of claim 1 including additional

transistors provided in a stack arrangement;

Figure 10 is a simulation of the performance of the circuit of Figure 9.

Detailed Description Of The Drawings

The prior art has been described with reference to Figure 1.

Figure 2 is an example of a bandgap voltage reference in accordance with
the present invention. The circuit of Figure 2 may be sub-divided into three
blocks: a main reference block 100; a bias current compensation block 200,
and a curvature correction block 300, each block adapted to obviate specific
problems associated with the prior art. As was detailed in the section
“background to the invention” there are a number of problems associated with
the prior art implementations of the classic Brokaw cell. These can be
summarised as problems due to the Early effect, sensitivity due to base
current, sensitivity due to offsets, power requirements arising from the coupling

of the output from the voltage reference output across one or more resistors
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and the fact that there is no possibility to internally correct for curvature. The
configuration shown in Figure 2 is adapted to overcome these and other
problems and the solution to each of the problems can be traced to specific

components or functionality within the circuit.

As can be seen from Figure 2, this circuit is based on generating a wltage
reference using bandgap techniques. As is known, by using the scaled
difference between two transistors operating at different current densities it is
possible to combine these at an amplifier and provide a voltage reference at
that amplifier output. In accordance with the circuit of the present invention, the
main block 100 includes an amplifier A1 which has an inverting and non
inverting input. A first transistor Q1 is provided with a first emitter area and a
second transistor Q2 is provided with a second emitter area, n1 times that of
Q1. Q2 is provided in a diode connected configuration such that the collector is
tied to the base. In accordance with standard operation, the amplifier A1 keeps
its two inputs at substantially the same voltage level and as a result Q1 also
operates at zero base-collector voltage. The bases of both Q1 and Q2 are
coupled at the same potential, in a similar fashion to that described in Figure 1.
However, in accordance with the present invention the output of the amplifier is
provided in a feedback configuration to the common base of Q1 and Q2 and to
the collectors of Q1 and Q2. Desirably this feedback is provided such that the
collector of Q2 is coupled via a resistor r3 and the collector of Q1 via a resistor
rd. It can be seen that Q1 and Q2 have zero collector-base voltages, Q1 being
a diode connected transistor and Q2 has also zero collector-base voltage due
to the amplifier A1 and therefore the “Early” effect is eliminated. This set of
circuitry is shown within the dashed block 100A of Figure 2. It will be

appreciated that although the arrangement within block 100A illustraies the
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base-collector voltage of Q1 being controlled by the amplifier and that of the Q2
by virtue of the diode connection arrangement, that equivalently Q1 may be
diode connected and Q2 controlled by the amplifier. It will be further
appreciated that, if the base current can be neglected, such as in the case of

applications having high B, that no additional circuitry is required to compensate

for the base current.

The emitters of each of transistors Q1 and Q2 are typically coupled to the
collectors of two further transistors Q3 and Q4 respectively, also diode
connected. In the case of Ql, this is a direct connection whereas with Q2 it is
via a resistor r1. Q3 is provided with the same emitter area as Q1 and Q4 has
an emitter area of “n2” times larger that of Q1 and Q3. Q1 and Q3 therefore
operate at a higher current density as compared to Q2 and Q4 and across 1, a
AVbe voltage, which is a PTAT voltage, is developed. This results in a PTAT
current flowing from the amplifier's output through Q1 fo Q3 and Q2 to Q4 via.
r1. The common emitter of Q3 and Q6 are connected to the ground node via a
resistor r2. This resistor has a role of shifting the reference voltage from twice
the natural bandgap voltage (~2.3V), for r2=0, to a desired value, for example a

typical 2.5V.

The bias current compensation block, 200, has the role of supplying the
base current for Q1, Ib, and for exiracting the same current from its collector. If
this is the case, the currents passing r1 and r3 are substantially the same and
they are not affected by the base currents. The current passing r4 is the same
current as the emitter current of Q1. As a result the voltage drop over 3 and r4
is a scaled replica of AVbe voltage. The circuitry of this block is useful in

applications having low or moderate B, where the contribution of the base
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current may introduce errors, and is specifically provided to reduce these
errors. It will be appreciated that although r1 and r3 are typically chosen to have
the same values, that they could for certain applications be specifically chosen
to have different vaiues. The advantage of using the bias current compensation
block is that the base currents will be compensated by the subtraction and
subsequent re-introduction of a base current into the main block 100,

regardless of the value of the chosen r1 and r3.

The base current Ib is extracted from collector of Q1 by mirroring the
current 12 via Q5 and Q6. These transistors form an equivalent leg to that
provided by Q1 and Q3. As Q3 in the block 100 and Q6 in the block 200 have
the same base-emitter voltage, their collector currents will be substantially the
same, 12. The base current, Ib, is also mirrored via Q8, Q7 and a typical bipolar
mirror IM1, usually a bipolar pnp diode connected transistor. The base currents
of Q8 and Q6 (2Ib) are supplied back via,a double current mirror IM2. In this
way Q3, Q6 and Q8 will have exactly the same collector currents as they
operate at the same base current. In order to minimise the base current
difference from Q1 to Q5 an extra resistor r8 is provided, with substantially the
same value as r4, thereby ensuring that Q1 and Q5 operate in similar
conditions, having the same collector current and substantially zero base-
collector voltage. As a result the base current of Q5 will track the base current
of Q1. Due to the similarities between the two legs provided by Q1/Q3 and

Q5/Q6, the tracking performance of the base current achieved is very accurate.

The base current, Ib, is also mirrored from the current mirror IM4 to a
“master” mirror IM5, usually a bipolar npn diode connected transistor. This

current is extracted via mirrors IM5 and IM7 from the emitters of Q5 and Q7 to
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ensure that the collector currents of Q5 and Q7 are substantially the same
current as the collector of Q3, which is 12. The PTAT current [2 is mirrored via a
“master” mirror IM8 connected between the reference voltage and the collector

of Q7. In this way the cell according to Fig.2 can also generate a PTAT current.

It will be further appreciated from an examination of the components of the
circuitry of the block 200, that one set of circuitry is used to pull the base
current and another set of circuitry is used to generate and provide the base
current back into block 100. By using two different sets of circuit components it
is possible to more accurately extract the base current. This is because this
extraction circuitry has no additional functionality, specifically that associated
with the generation of the base current to be re-introduced. The second set of
circuitry has the specific purpose of re-provide that base current. The first set of
components, that extracting the base current, is provided by the replicated leg,
that leg having Q5 and Q6.. The other components generate a base current that

may be fed back to the coupled bases of Q1 and Q2.

Although the extraction and re-introduction of the base current to the block
100 could be achieved using a simpler configuration wherein the circuitry used
to extract the base current from the collector of Q1 had the additional
functionality of re-providing that base current to the base of Q1 and Q2, such
circuitry would not achieve the accuracy of extraction that is possible using the

arrangement described above.

The second order effect, or “curvature” of a typical bandgap voltage is
compensated via the block 300. The circuitry of the block 300 is adapted to

develop a negative “curvature” voltage in a manner similar to that described in
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co-pending and co-assigned US application Serial Number 10/375,359 filed on
27 February 2003, the content of which is incorporated herein by way of
reference The “curvature” correction is performed by mirroring the base-emitter
voltage of Q4 across a resistor, 17, and by generating a CTAT current via
MOSFET device M1, and current mirrors IM9 and IM11. The CTAT current is
fed back into the diode-connected transistor Q4 in order to exaggerate its
curvature and thereby replicating across r1 a negative voltage “curvature”. This
negative voltage “curvature” depends by the slope of the collector current of
Q4, and is gained by the ratio r3/r1 to compensate for the positive voliage

“curvature” of Q3 and Q1.

The current passing r2 is a combination of PTAT currents, flowing from
Q3, Q4, Q6, Q8, and CTAT currents flowing from r7 and IM11. An extra CTAT
current, 14, generated from a current mirror IM10 ensures that the voltage drop
over r2 is the required shifting voltage and the reference voltage is the desired
compensated reference voltage. It will be understood that the slope of the
CTAT current generated can be varied by choice of current mirror IM11 and
transistor Q4. The CTAT current and the PTAT current already across the load
resistor r1- are then gained by the choice of the ratio of the load resistor r1 to

the feedback resistor r3.

If we consider that the emitter areas of Q2 and Q4 are identical then
n1=n2=n and r3=r4, then the PTAT voltage, AVbe, is:

AV, = ZEIn( n)
1 ()

The reference voltage Vies is:
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ref =V

shift

. F.
+ Vbc,QS + ‘/be,Ql + Il * r3 = Vshifr + 2’(‘/bel + AVbe _f_)

! (8)
where Vghitt is a combination of PTAT and CTAT voltages:
Vg = (4, +1,+1,+15)r,

(9)
Here Ve1 is the base-emitter voltage of Q1 and Q3.
5
In order to see the amplifiers offset voltage influence into the reference
voltage let us consider that the base currents are neglected, r3=r4, n1=n2=n,
and the amplifier A has a input offset voltage Voff as Figure 2 shows. If the
offset voltage is zero the two currents, I1 and 12, are balanced.
10

For a given offset voltage, Vo, the currents become unbalanced as
equation 10 shows:

ILir,=Lr+V, (10)

As equation 10 shows, for a positive offset voltage k>l . As the current b
15 into the high current density side (Q1, Q3) decreases and the current k into the
low current density side (Q2, Q4) increases AVpe decreases. This tends 1o
decrease the current I1 and this inherent negative feedback play the role of
rebalance the voltage drop over r3 which is the main PTAT voltage. For a
negative offset voltage k<lz, AVyeincreases and PTAT voltage decreases.
20
In order to see the improvements from the circuit according to Figure 1 to

the circuit according to Figure 2, two appropriate circuits were simulated.
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Into the simulated circuit according to Figure 1 the resistors values are:
r1=20k; r2=56.5k; r3=r4=100k; r5=10.1k; r5=10k. Q1 is a unity 5x5 microns
emitter transistor. Q2 is an area of 50 unity transistors of the same emitter area.
The collector currents 11 and 12 are PTAT currents of about 5 uA at room
temperature. The simulated reference voltage is presented in Figure 3. The
reference voltage variation is about 3mV for the temperature range from —40C

to 85C. This corresponds to a TC of about 10ppm/C.

Figure 4 shows the currents through the gain resistors (r5, r6) and their
difference, being the sum of two base currents. The current difference can be
considered as an error because the factor “beta”, or the ratio of the collector
current to the base current has a large spread due to the process variation. As

is seen this error current develop across r5=10k a error voliage of about 1.6mV.

In order to guantify the type of improvement that is possible using the .
circuitry and methodology of the present invention, a circuit according to Figure
2 was designed and simulated. In this exemplary simulated circuit, the resistors
values are: r1=30k; r2=5k; r3=r4=r8=190k; r7=142k. Q1, Q3, Q5, Q6, Q7, Q8
are unity area bipolar transistors; Q2 and Q4 are each on an area of 25 parallel
unity area bipolar transistors. From the area point of view the two circuits
(Figure 1 and Figure 2) are comparable as the total number of unity bipolar
tfransistors are close: Q2 in Fig.1 is 50 units, Q2 and Q4 in Fig.2 are each 25
units. The current passing r3, Q2, r1 and Q4 is a PTAT current of about 5uA at
room temperature, the same as it was for the circuit according to Figure1. Also,

the amplifiers are the same in both circuits.
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A simulated reference voltage according to Figure 2 is presented in Figure
5. The total voltage variation according to Figure 4 is about 40uV, for the same
temperature range, -40C to 85C. This correspond to a TG of about 0.15ppm/C
and this is a reduction of TC of 10/0.15=68.

If the slope of the voltage reference into the circuit of Figure 2 is
compensated by fine tuning remains only the residual voltage curvature and
this is displayed in Figure 6. As Fig.5 shows the residual “curvature “ voltage

corresponds to a TC of about 0.025ppm/C.

Figure 7 shows how the base currents of Q1 and Q5 track each other. As
we can see these currents are about 63nA at room temperature and their
difference is less than 30pA for the entire temperature range. The voltage drop
of this current across r4 in Figure 2 is less than 6uV compared to 1.6mV

voltage error due to the base current into the cirguit of Figure 1.

The ampilifier input offset voltage influence into the reference voltage was
simulated for both circuits. For the circuit according to Figure 1, 1mV offset
voltage into the amplifier’s input is reflected as 1.88mV error into the reference
voltage. For the circuit according to Figure 2, a 1mV offset voltage is reflecied
as 0.57mV. This corresponds to a reduction of more than three times in offset

and noise sensitivity from the circuit of Figure 1 to the circuit of Figure 2.

Figure 8 highlights how the offset voltage influence the collector currents
of Q1 and Q2 into the circuit of Figure 2. The first diagram shows the alteration
of the collector currents of Q1 and Q3 due to a offset voltage of 1mV. The lower

diagram shows the alteration of collector currents of Q2 and Q4 for the same
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offset voltage. As it seen the offset voltage is reflected mainly into the high
density current side (Q1 and Q3) and this is due to the inherent feedback

against offset voltage which was mentioned before.

The offset voltage of the second amplifier A2 in Figure 2 has very low
influence into the reference voltage. 1mV offset voltage for A2 translates as an
error of les than 30uV into the reference voltage d the circuit according to

Figure 2.

The reference voltage according to Figure 2 can be adapted for a higher
reference voltage value by stacking more bipolar transistors. One such
example aimed to generate a 5V reference voltage is presented in Figure 9.
Figure 9 is very similar to that of Figure 2 with the only difference being the
addition of components to the main reference block 100 and the subsequent
changing of the coupling arrangement between the main reference block 100

and the other two blocks 200, 300.

In Figure 9 additional transistors Q9, Q10, Q11 and Q12 are provided in a
stack arrangement coupled to the transistors Q3 and Q4. All four of the new
transistors are provided in a diode connection configuration with the collector of
Q9 being coupled to the emitter of Q3, the collector of Q10 being coupled to the
emitter of Q9. Similarly, the collector of Q11 is coupled to the emitter of Q4, the
collector of Q12 being coupled to the emitter of Q10. Q11 and Q12 are
provided between the resistor r2 and the transistor Q4. The coupling of the first
block 100 to the third block 300 is provided through the common node of Q11
and Q12, and Q12 and r2. In a similar fashion, the coupling of the block 100 to

the block 200 is effected through connections coupled to the common node of
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Q10, Q12 and r2. The effect of the stacking of the transistors is to enable
operation of the circuit at higher voltages as will be appreciated by those skilled
in the art. As such the number of transistors shown is for exemplary purposes
only and any number of stacked transistors of varying properties could

equivalently be used.

Figure 9 also shows an alternative way in which the curvature can be
corrected. In this embodiment, the amplifier and MOSFET arrangement that
was present in the equivalent block 300 of Figure 2 is replaced by a transistor
gn17 and resistor r9 arrangement. The base of qn17 is coupled to the emitter of
Q4, the collector to current source IM9 and the emitter to resistor r9. The
second terminal of r9 is coupled to the emitter of Q12. The curvature correction
is provided in a similar fashion to that described earlier. The base-emitter
voltage of Q4 is coupled via Q12 across resistor, r9, and a CTAT current is
gengrated using current mirrors IM9 and IM11. The CTAT currept is fed back
into the diode-connected transistor Q11 in order to exaggerate its curvature and
thereby replicating across r1 a negative voltage “curvature”. This'arrangement
is possible due to the greater number of stacked transistors available in the
embodiment of Figure 9 and it will be appreciated that any number of different
schema may be used to provide the block functionality of the curvature
correction block 300, and that although two exemplary embodiments have been
illustrated in Figures 9 and 2, that these are illustrative of the type that may be
used with the other blocks of the present invention and as such modifications
may be made without departing from the spirit and scope of the present

invention.
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A circuit according to Figure 9 was simulated, the simulation results being
shown in Figure 10 For this circuit the resistors values are: r1=30k, r2=5k,
r3=r4=r8=200k, r7=60k; the bipolar transistors Q1, Q3, Q5, Q7, Q8, Q9, Q10
are unity emitter area of 5uX5u each; the bipolar transistors Q2, 4, Q11 and
Q12 are each an area of 12 unity emitter area of 5uX5u. A MONTE CARLO
analysis of 1000 iteration at 25C temperature were perform for the circuit
according to Figure 9 to see the reference voltage spread due to process
variation. As Figure 10 shows, the parameter “c” in the distribution is 1.25mV in

5V reference voltage. For 3o, the deviation in reference voltage is about

0.075%.

The bandgap voltage reference in accordance with the circuit of the
present invention is also advantageous in generates the inherently PTAT and

CTAT currents required if extra trimming is to be performed.

It will be understood that the present invention has been described with
reference to specific NPN configurations of bipolar transistors and that it is not
intended that the application of the invention be limited to such configurations.
As will be understood by the person skilled in the art many modifications and
variations in configurations may be achieved by implementation in PNP
architeciures or the like. It will be appreciated that what has been described
herein is an exemplary embodiment of a bandgap voltage reference in
accordance with the present invention. Specific components, features and
values have been used to describe the circuit in detail, but it is not intended that
the present invention be limited in any way whatsoever except as may be
deemed necessary in the light of the appended claims. It will be further

appreciated that some of the components of the present invention have been
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described using their conventional symbols and the actual functional
description of how for example an amplifier is constructed has been omitted.
Such functionality will be well known to the person skilled in the art and where
additional details is required, it will be understood that it can be found in any

number of standard text books.

Similarly, the words comprises/comprising when used in this specification
are to specify the presence of stated features, integers, steps or components
but does not preclude the presence or addition of one or more other features,

integers , steps, components or groups thereof.
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Claims

1. A bandgap reference voltage circuit including a first amplifier
having a first and second input and providing a voltage reference at the output
thereof, the amplifier being coupled at its first input to a first transistor and at
the second input to a second transistor, the second transistor having an emitter
area larger than that of the first transistor, and wherein:

the second transistor is coupled at its emitter to a load resistor, the load
resistor providing, in use, a measure of the difference in base emitter voltages
between the first and second transistors, AVbe, for use in the formation of the
bandgap reference voltage,

the bases of each transistor are commonly coupled such that the base of
the first and second transistor is at the same potential,

one of the first and second transistors is provided in a diode connected
configuration,

the base collector voltage of the other of the first and second transistors is
maintained at zero by the amplifier which is coupled in a feedback loop to the

collector of each of the transistors, thereby reducing the Early effect.

2 The circuit as claimed in claim 1 further including a third and fourth
transistor, the third transistor being coupled to the emitter of the first transistor
and the fourth transistor being coupled via the load resistor to the emitter of the
second transistor, the emitter area of the fourth transistor being greater than
that of the first or third transistor, such that the first and third transistors operate
at a higher current density than the second and fourth transistors and wherein a
PTAT voltage is provided via a resistor, in the feedback loop, at the second

input to the amplifier such that the voltage provided at the output of the
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amplifier is a combination of the base emitter voltages of the first and third

transistors plus the PTAT voltage.

3. The circuit as claimed in claim 2 wherein each of the third and

fourth transistors are provided in a diode connected configuration.

4. The circuit as claimed in claim 2 wherein the emitter of the third
transistor is coupled via a second resistor to ground, the value of the resistor
effecting a shifting of the reference voltage from twice the natural bandgap
voltage to a desired voltage, thereby enabling an offset adjustment to the

circuit.

5. The circuit as claimed in claim 3 further including a third and
fourth resistor provided in each of the feedback loop paths between the output
of the amplifier and the collectors of the first and second transistors -

respectively.

6. The circuit as claimed in claim 5 wherein the resistors provided in

each of the feedback loops are substantially the same value..

7. The circuit as claimed in claim 5 wherein the resistors provided in

each of the feedback loops are of different values.

8. The circuit as claimed in claim 5 further including circuitry adapted
to provide the base current for the non-diode connected transistor and to

extract that same current from the collector of the same transistor, thereby
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maintaining the collector current of each of the first and second transistors at

the same value.

0. The circuit as claimed in claim 5 further including circuitry adapted
to provide the base current for the non-diode connected transistor and to
extract that same current from the collector of the same transistor, the circuitry
adapted to compensate for base current variation between the nondiode
connected transistor and the other transistor, thereby reducing errors in the

circuit due to the base current.

10. The circuit as claimed in claim 8 wherein the non-diode connected
transistor is the first transistor and the circuitry adapted to exiract the current
from the collector of the first transistor includes a replication of the leg of the
circuit defined by the first and third transistors, the replicated leg including a fifth
and sixth transigtor of the circuit, the base of the fifth transistor being coupled to
the collector of the first transistor, the emitter of the fifth transistor being
coupled to the collector of the sixth transistor, the base of the sixth transistor
being coupled to the diode connected base of the third transistor thereby
providing a current mirror, such that a base current is extracted from the

collector of the first transistor by the fifth transistor.

11. The circuit as claimed in claim 10 wherein the base current of the
first and second transistors is further mirrored via seventh and eight transistors
and a bipolar mirror, the base currents of the sixth and eight transistors being
supplied by a double current mirror from the output of the amplifier such that
the collector currents of each of the third, sixth and eight transistors are the

same.
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12. The circuit as claimed in claim 11 wherein the collector of the fifth
transistor is coupled via a resistor to the output of the amplifier, the value of the
resistor being substantially equivalent to that of the fourth resistor such that the

base current of the fifth transistor tracks the base currert of the first transistor.

13. The circuit as claimed in claim 11 wherein the base current of the
first and second transistors is further mirrored via a series of mirrors coupled to
the fifth and seventh transistors such that the mirrored current may be e xtracted
from the emitters of the fifth and seventh transistors thereby ensuring that the
collector currents of the fifth and seventh transistors are substantially the same
value, this current being further mirrored via a current mirror coupled between
the collector of the seventh transistor and the output of the amplifier, thereby

providing a PTAT current.

14. The circuit as claimed in claim 3 further including circuitry adapted
to provide a correction voltage adapted to compensate for the curvature of the
voltage of the first and third transistors, the incorporation of the correction

voltage effecting a cancelling of the curvature.

15. The circuit as claimed in claim 14 wherein the circuitry adapted to
provide a correction voltage is adapted to provide a mixture of PTAT and GTAT

voltages at the load resistor.

16. The circuit as claimed in claim 14 wherein the correction voltage
is provided by mirroring the base-emitter voltage of the fourth transistor across

a resistor and effecting the generation of a complimentary to absolute
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temperature (CTAT) current using a MOSFET device and amplifier, the CTAT
current being provided back into the fourth transistor via at least one current
mirror thereby replicating across the load resistor a voltage having an inverse
curvature, the combination of this replicated voltage and the previously present

voltage (AVye) effecting a cancellation of the curvature.

17. The circuit as claimed in claim 15 wherein the size of the voltage
having an inverse curvature may be modified by changing the slope of the

current provided by the current mirror and fourth transistor.

18. The circuit as claimed in claim 1 further including a plurality of
additional transistors coupled to the third and fourth transistors, the plurality of
additional transistors being provided in a stack arrangement, thereby enabling a

use of the reference circuit with higher reference voltages.

19. . Abandgap reference vcltage circuit including a first amplifier
having a first and second input and providing a voltage reference at the output
thereof, the amplifier being coupled at its first input to a first transistor and at
the second input to a second transistor, the amplifier being coupled in a
feedback loop to the collector of each of the transistors, the second transistor
having an ‘emitter area larger than that of the first transistor, the circuit
additionally including a third and fourth transistor, each being provided in a
diode connected configuration, and wherein:

the second transistor is coupled at its emitter to a load resistor, the load
resistor providing, in use, a measure of the difference in base emitter voltages

between the first and second transistors, AVbe, for use in the formation of the

bandgap reference voltage,
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the bases of each transistor are commonly coupled such that the base of
the first and second transistor is at the same potential,

one of the first and second transistors is provided in a diode connected
configuration,

the third transistor is coupled to the emitter of the first transistor and the
fourth transistor is coupled via the load resistor to the emitter of the second
transistor, the emitter area of the fourth transistor being greater than that of the
first or third transistor, such that the first and third transistors operate at a
higher current density than the second and fourth transistors and wherein a
PTAT voltage is provided via a resistor, in a feedback loop of the amplifier, at
the second input to the amplifier such that the voltage provided at the output of
the amplifier is a combination of the base emitter voltages of the first and third
transistors plus the PTAT voltage, and

the base-collector voltage of the other of the first and second transistors is
minimized by the amplifier which is coupled in a feedback Joop to the collector

of each of the transistors, thereby reducing the Early effect.

20. A method of providing a bandgap reference voltage circuit
adapted to compensate for the Early effect, the method comprising the steps of:

providing first and second transistors, each transistor adapted to operate
at different current densities, the first transistor being provided in a diode
connected configuration, the transistors being additionally coupled to the inputs
of an amplifier,

scaling the voltage difference between two transistors operating at
different current densities so as to provide a reference voltage at an output of

the amplifier,
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providing a feedback loop, the feedback loop coupling each of the first and
second transistors to the output of the amplifier so as to provide at an output of
an amplifier a voltage reference, such that the collector base voltage of each of

the first and second transistors is reduced to zero.



PCT/EP2004/053306

WO 2005/057313

1/8

Vref

=r3

AT

r5
15
ré

Voif
&

":?I']

¥[2

gnd
L 4

Global

11
r1
rZ

Prior Art

Fig.1.

Lo — — — — — — — — 4
308

._
I
I
j
[
I
E
_
I
I
|
i
4
3
| I
| I
| |
| )
| Pt
| = =
= =
! = o _
! & o LY |
I = ._.x . |
_ = I
| <y T — |
| = = |
~
s s o
ml

Fig.2



WO 2005/057313 PCT/EP2004/053306
2/8

vi{vref)

2.5016

2.5014
/

2.5012

2.501 / \
2.5008 \
2. 5006 / \
2. 5004 / \
2. 5002 .
2.5 / \
2.4998 / \
2.4896
2.4994 \
2.4992 / \
2.499
2.4988 /
2.4986 \

Z.4984
-40 -30 -20 -10 a 10 20 30 40 50 60 70 a0 90
' tdeqe

Fig.3



WO 2005/057313 PCT/EP2004/053306
3/8

124 65 2615} i (x6)

124.6 S

124.55 =

124. 35 / v
124 .3 ///f
/ A

124. 25

124.2

x1le-6

o

124.18

124 .1

124.05

1. 64 {i{x5)-i{x6))*10

Xle-6
(%3
w
/

-40 -30 -Z0 -10 ] 10 20 30 40 50 60 70 &0 90
tdegc

Fig.4



WO 2005/057313 PCT/EP2004/053306
4/8

2. 500234 2 {Tref)

2.500232
2 50023
Z.500228 \
2.5002z6
2.500224 \
2.500222 \
2.50022

\

2.500218

2.500z16 \

2.500214

2.500212 \
2. 50021

2.500208 \

2.500206 \

2. 500204 <

2.500202 \\\\\\
2.5002
- £.500198 \\\\

2.500196 \

2.500194
. ™

2.500192
40 -30 -20 -10 0 10 20 30 40 50 &0 70 80 90
tdege

Fig.5



WO 2005/057313 PCT/EP2004/053306
5/8

1 v(veef)~2.500234+3. 243229e-07% (tdegc+40

xle-6
I
KN
;-P""P’F

-40 -30 -20 -1i0 0 10 AL 30 40 50 60 70 80 20
tdege

Fig.6



WO 2005/057313 PCT/EP2004/053306
6/8

74 26i(0n1L, D)  Hd an5, h

BN

<

ol

68

N

xle-9

62

60 \@\

a8

56 \\-..

i{Qnl,b) -i{0n5,h)

~10 \
-12

xle-12
1 ]
o H
o @
//

-30 -
-40 =30 -20 -10 0 10 20 30 40 50 60 70 80 20
tdece

Fig.7



WO 2005/057313 PCT/EP2004/053306
7/8

7 o oi(Q1 cy+({-1:1(01, c))

TZR

™~

N

xle-39

.14 \
7.12 \\

7.06
2.06

2. 04 \\

IR N
\\

-1¢Q2, ¢y +(-1:1(Q2, c))

.94

xle-9
=

1.92

N
1.88 ~]
1.86 \‘\

1.84
-40 -30 -20 -10 0 10 20 30 40 50 . 60 7o 80 ]
tdeqgc

Fig.8



WO 2005/057313 PCT/EP2004/053306

w2 X3 3

Mean = 5.0005431 v
Standard Deviation = 0.9580 mv

O/p voltage min/max (ws tdegc) (mv)
210
200 —|{—
190

is80

azo

160 -~

150

140

i30

izo

1iaq

100}

aa

20

7o

60

50

4q

30

20

a0

4.99785 4.

w
0
©
u

4.8939% 5.0008 5.001% 5.0028% 5.003%
Vrer [V]

Fig.10



INTERNATIONAL SEARCH REPORT

International Application No

/EP2004/053306

A. CLASSIFICATION OF SUBJECT MATTER
IPC 7 GO5F1/46 GO5F3/22

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

IPC 7  GO5F

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practical, search terms used)

EPO-Internal, PAJ

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category ° | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

12 September 2001 (2001-09-12)
paragraphs ‘0003! - ‘0008!; figure 2
A US 3 914 684 A (LEIDICH ET AL) 18
21 October 1975 (1975-10-21)
column 3, lines 1-39; figure 2

X EP 1 132 795 A (INFINEON TECHNOLOGIES AG) 1,18,20

D Further documents are listed in the continuation of box C.

Patent family members are listed in annex.

° Special categories of cited documents :

*A" document defining the general state of the an which is not
considered to be of particular relevance

*E* earlier document but published on or after the international
filing date

*L* document which may throw doubts on priority claim(s) or
which is cited to establish the publication date of another
citation or other special reason (as specified)

*Q* document referring to an oral disclosure, use, exhibition or
other means

*P* document published prior to the international filing date but
later than the priority date claimed

'T* later document published after the international filing date
or priority date and not in conilict with the application but
cited to understand the principle or theory underlying the
invention

*X* document of particular relevance; the claimed invention
cannot be considered novel or cannot be considered to
involve an inventive step when the document is taken alone

*Y" document of particular relevance; the claimed invention
cannot be considered to involve an inventive step when the
document is combined with one or more other such docu~
.m%r:ts, such combination being obvious to a person skilled
in the art.

"&" document member of the same patent family

Date of the actual completion of the international search

17 March 2005

Date of mailing of the intemational search report

29/03/2005

Name and mailing address of the ISA

European Patent Office, P.B. 5818 Patentlaan 2
NL — 2280 HV Rijswijk

Tel. (+31-70) 340-2040, TX. 31 651 epo nl,
Fax: (+31-70) 340-3016

Authorized officer

Waters, D

Form PCT/ISA/210 (second sheet) (January 2004)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International Application No

/EP2004/053306
Patent document Publication Patent family Publication
cited in search report date member(s) date
EP 1132795 A 12-09-2001 DE 10011669 Al 20-09-2001
EP 1132795 Al 12-09-2001
US 3914684 A 21-10-1975 CA 1018616 Al 04-10-1977
DE 2447517 Al 17-04-1975
FR 2247006 Al 02-05-1975
GB 1477224 A 22-06-1977
JP 977844 C 29-11-1979 -
JP 50066139 A 04-06-1975
JP 54012305 B 22-05-1979
us B403990 I5 28-01-1975

Fom PCT/ISA/210 (patent family annex) {January 2004)




	Abstract
	Bibliographic
	Description
	Claims
	Drawings
	Search_Report

