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REFERENCE CIRCUIT

The present invention relates to a reference circuit, and particularly though not

exclusively to a reference circuit suitable for providing a current.

Current reference circuits are fundamental building blocks of integrated
circuits, and biasing for most integrated circuits can be traced back to an on-chip

current reference circuit.

A conventional prior art current reference circuit [1] is shown in figure 1. The
circuit comprises two pairs of field effect transistors (FETSs) and a resistor. The first
pair of FETs, M; and M, are matched and are n-channel FETs. They form a first
current mirror that maintains equal currents in the drains of M3 and My. The term
‘matched pair’ refers to the fact that M; and M, are constructed such that their
properties are as identical as possible. A second pair of FETs M3 and My are p-
channel FETs, and form a current mirror-like structure of non-unity gain, which is
connected to the first current mirror. My is K times wider than M3 and has a resistance
Rs connected between the source terminal and Vdd, the positive supply rail. The first
current mirror and the current mirror-like structure are connected together to minimise
the effect of supply voltage variation upon the current provided. Neglecting
secondary effects, the size of the current generated by the prior art reference circuit is

determined by the magnitude of a resistor Rg, the mobility », of the holes of the

PMOS devices, the gate oxide capacitance per unit area C__, the ratio K between the

ox?

width of M3 and M,, and the aspect ratio (W/L) of the PMOS devices according to the

following relationship:

o2 oaf 1Y
out llncox(W/L)P Rlz \/?
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The prior art circuit shown in figure 1 suffers from the disadvantage that a
large resistor, necessary for producing small reference currents, cannot easily be
incorporated into an integrated circuit design (it usually occupies a substantial chip
area). This is particularly the case in implanted bio-medical applications, where the
current required to be generated by a current reference circuit is very small, typically
of the order of nanoamperes, and the magnitude of resistor R; needed to provide the
current is correspondingly large. The area occupied by a resistor of suitable

magnitude may be prohibitive for bio-medical applications.

Alternative reference circuits based on replacing the resistor with active
devices have been proposed [2][3][4], but these circuits are much more complicated

and occupy substantial chip areas.

It is an object of the present invention to provide a reference circuit that

overcomes or mitigates one or more of the above disadvantages.

According to the invention there is provided a reference circuit comprising
first and second field effect transistors connected to form a first current mirror, and a
third and fourth field effect transistors connected to form a second current mirror,
wherein a property of the first transistor is mismatched relative to the second
transistor such that the threshold voltage of the first transistor is significantly higher
than the threshold voltage of the second transistor, and the drain current versus gate-
source voltage responses of the first and second transistors have substantially different

gradients for current levels at which the reference circuit is operated.

Suitably, the property of the first transistor is selected such that, for a
particular voltage applied to the common gate of the first transistor and the second
transistor, the second transistor operates substantially in its strong inversion saturation
region whilst the first transistor operates substantially in its weak inversion saturation

region.
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Suitably, the mismatch is obtained by providing the first transistor with an
oxide layer having a thickness which is greater than the oxide layer of the second

transistor.

Suitably, the thickness of the oxide layer provided on the first transistor is at

least twice the thickness of the oxide layer provided on the second transistor.

Suitably, the thickness of the oxide layer provided on the first transistor is at
least 5 nanometers greater than the thickness of the oxide layer provided on the

second transistor.

Suitably, the thickness of the oxide layer provided on the first transistor is at
least 10 nanometers greater than the thickness of the oxide layer provided on the

second transistor.

Suitably, the mismatch is obtained by providing more doping to the substrate

of the first transistor than the substrate of the second transistor.

Suitably, the first transistor comprises a modified twin tub configuration, in
which a well layer separating an upper tub layer and a substrate layer is omitted
during fabrication such that the upper tub layer is located directly on the substrate
layer, the upper tub layer thereby providing a substrate layer having increased doping.

Suitably, the third and fourth transistors are matched such that either side of
the second current mirror is constrained to draw substantially the same current, the
circuit having a stable operating point where the drain current versus gate-source

voltages of the first and second transistors intersect.

Suitably, the third and fourth transistors are not matched, so that one side of

the second current mirror is constrained to draw more current than the other side.
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Suitably, the third and fourth transistors are field effect transistors, and the
width of the channel of one of the transistors is selected to be different to the width of
the channel of the other transistor so that that side of the current mirror is constrained

to draw a current which is a ratio of the current on the other side.

Suitably, the third and fourth transistors are field effect transistors, and the
length of the channel of one of the transistors is selected to be different to the length
of the channel of the other transistor so that that side of the current mirror is

constrained to draw a current which is a ratio of the current on the other side.

Suitably, the third and fourth transistors are bipolar transistors.

Suitably, the length of the first transistor is selected to be different to the

length of the second transistor.

Suitably, the width of the first transistor is selected to be different to the width

of the second transistor.

Suitably, a reference voltage is obtained from the common gate of the third

and fourth transistors.

Suitably, a copy of the reference current is obtained by connecting a FET to

the common gate of the third and the fourth transistor.

Suitably, the first and second transistors are p-channel field effect transistors,

and the third and fourth transistors are n-channel field effect transistors.

A specific embodiment of the invention will now be described by way of
example only, with reference to the accompanying figures in which:
Figure 1 is a circuit diagram which represents a conventional prior art current

reference circuit;
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Figure 2 is a circuit diagram which represents a current reference circuit
according to the invention;

Figure 3 is a graph which illustrates drain current versus gate-source voltage
responses of field effect transistors of the circuit shown in figure 2; and

Figure 4 is a schematic illustration of a prior art twin tub field effect transistor.

Referring to figure 2, a circuit according to the invention comprises two n-
channel field effect transistors M3 and My connected to form a first current mirror, and
two p-channel field effect transistors M; and M, connected to form a second current
mirror. The sources of the p-channel transistors M; and M, are connected to a voltage
rail Vg¢ which provides between 3.5 and 5 volts (the voltage source may be for
example a lithium battery which provides 4 volts). The sources of the n-channel

transistors M3 and My are connected to ground.

In a conventional arrangement the field effect transistors M; and M, would be
of different width and have a resistor in series with M, such that, for a given gate
voltage, the current provided from the drain of each of the transistors is equal.
However, in the circuit shown in figure 2 the transistors M3 and M4 have no need for a
series resistance, but instead the thickness of the oxide layer provided on transistor M;
is significantly thicker than the oxide thickness provided on transistor M,. In one
embodiment of the invention the thickness of the oxide layer on M; is 17 nanometers,
whereas the thickness of the oxide layer on M, is 40 nanometers. The effect of the
oxide thickness mismatch is that the threshold voltage of M; is much greater than that
of M.

In operation, M; is turned on first and enters the square law saturation region
(i.e. the rate of increase of current with respect to gate source voltage is quadratic).
M, is weakly turned on at a higher voltage, and operates in the weak inversion region
(i.e. the rate of increase of current with respect to gate source voltage is exponential).
Since M, is turned on at a higher voltage than M,, and provides current which
increases with a steeper gradient, it follows that there is a value of gate voltage for

which both M; and M; provide the same output current. This is the stable operating
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point of the circuit, given that the gain of the current mirror comprising of M3 and My

is unity.

It will be understood that the output current of the reference circuit is stable,
under stable ambient conditions. If the ambient conditions, e.g. the temperature
varies, then the output current of the reference circuit may vary accordingly. This
property may be used to provide a reference current which tracks changes in ambient

conditions.

Figure 3 is a graph that represents drain current as a function of gate source
voltage for both M; and M,. Referring to figure 3, M, enters the weak inversion
region at a gate source voltage of around 0.3V. The current provided by M; at 0.3V is
very low, and consequently is not apparent in figure 3. M, enters the square law
saturation region at around 0.9V, and remains in the square law saturation region up

to 2.5V and beyond as is apparent from figure 3.

M, enters the weak inversion region at a gate source voltage of around 1.6V,
and remains in the weak inversion region over the range of currents represented in
figure 3. Since M, remains in the weak inversion region, the current provided by M;

rises exponentially.

The currents provided by M; and M, intersect at a value of approximately
3.2uA for a gate source voltage of approximately 2.25V. This intersection provides a
current which satisfies the operating requirements of the current mirror formed by n-
channel transistors M3 and My, i.e. that the current provided by each side of the circuit
is equal. The intersection is a stable operating point for the circuit, and the circuit will
consequently generate a fixed current of approximately 3.2uA which is independent

of the voltage Vg4 at the bias rail.

The currents provided by M; and M, will not intersect at higher values, since
the gradient of M; will never be less than the gradient of M, (M, will eventually enter

the square law saturation region). This means that the circuit has no stable operating
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points at higher currents. The currents provided by M; and M, will converge at zero
gate-source voltage and zero current, therefore this could be considered to be a stable
operating point of the circuit. The circuit will leave the zero current operating point
given a sufficient voltage at V4q and an initial startup charge at the gates of M3 and My
and move to the stable intended operating point which generates the approximately

3.2A current, in this particular case. Leakage currents can sometime be sufficient to

start-up the circuit.

Different current settings for the circuit may be achieved by scaling the
response of M; and M, with respect to each other. For example, by providing M;
with a thicker oxide layer, the voltage at which M is weakly turned on will increase,

and the current provided by the stable operating point will increase.

The quadratic behaviour of a field effect transistor operating in the square law

saturation region is determined by the following:

c, W
Id — Hy Lox (Vgs _ VT)Z

where I; is the drain current, £, is the mobility of holes, C,, is the capacitance
per unit area of the gate, W is the width of the channel, L is the length of the channel,
Vs is the gate/source voltage and V7 is the threshold voltage.

The exponential behaviour of a field effect transistor operating in the weak
inversion region is determined by the following:

W
Id = Ik(fWexp(Vgs /nVT)
/

where I is the drain current, I; is a constant, W is the width of the channel, L is
the length of the channel, » is a constant, Vg, is the gate/source voltage and V7 is the

threshold voltage.

From the above it is clear that different current settings for the circuit may be
achieved by modifying the channel width and/or the channel length of the transistors,

and in particular by selecting the ratio of width to length. For example, referring to
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figure 2, if the width W of the channel of M, were to be doubled then the current
provided by the circuit would double. Similarly, if the length L of the channel of M,

were to be doubled then the current provided by the circuit would halve.

The modification of the width or length need not be confined to the p-channel
transistors M; and M;, but may instead be used to adjust the properties of the n-
channel transistors M; and My. For example, instead of matching M3 and My, the
channel width of M3 could be double of My. This would constrain the circuit to
provide twice as much current on the left hand side as on the right hand side. The
stable operating point of the circuit would then be at approximately 2.13 volts as
indicated by the vertical line A in figure 3. Where n-channel transistors M3 and M,
are not matched, it will be appreciated that there is no requirement for the drain

currents M; and M, to be identical.

One suitable combination of channel widths and channel lengths is as follows:

M;: Width=2 M;:  Width=40
Length =10 Length=5

M;:  Width=2 Ms:  Width=2
Length = 20 Length =20

Since M3 and M4 are matched, the stable operating point of the circuit is the
point at which M; and M, provide the same current. The large channel width of M,
compared to M, is necessary since the threshold voltage of M, is much higher than
that of M.

The circuit may be used to generate a reference current via a copy of the drain
current of M3 by connecting yet another matched device to the common gate of M;
and M,. Alternatively, the gate voltage of M; and M;, can be used as a reference

voltage.
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In the described embodiment of the invention the transistors are field effect
transistors. It will be appreciated that any suitable field effect transistors may be used.

M, and M, could be bipolar transistors, for example where biCMOS is used.

The invention may be implemented as a single semiconductor chip, making it

particularly suited to biomedical applications.

In the above mentioned semiconductor technology process, the chip has a
standard feature size of 0.8um, and the low voltage field effect transistors provided on
the chip has a typical standard gate oxide layer of around 17nm. Where the invention
is used, the mid-gate oxide layer of transistor M, is approximately 50nm. Some
semiconductor manufacturers already provide transistors with oxide layers of similar
this thickness, for use in high voltage processors (high voltage typically means around
20-30V rather than a normal voltage of around 5.5V). It would be possible therefore

to manufacture a chip which incorporates the invention using existing techniques.

For a semiconductor chip having a standard feature size of 0.25um, the field
effect transistors provided on the chip will have an oxide layer of around 5 or 6nm.
Where the invention is used, the oxide layer of transistor M; could be approximately
13nm. Again, a chip that incorporates the invention could be manufactured using
existing manufacturing processes that support two different voltages e.g. 3V and 5V

devices.

An alternative, or additional, means of modifying the threshold voltage of
transistor M; is by modifying the doping of the substrate. An increase of the doping
of the substrate will cause a corresponding increase of the threshold voltage required

to invert the channel of the transistor.

One manner in which the substrate doping may be increased in a silicon chip
is by modifying a conventional twin tub field effect transistor configuration. A prior
art twin tub FET is shown in figure 4. The FET comprises a contact 10 and silicon
oxide layer 11, located on top of a negatively doped p-tub 12. Positively doped n+
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source 13 and drain 14 regions are provided at either side of the silicon oxide layer
11. The entire p-well 12 is located in a negatively doped n-well 15. The n-well 15 is
located in a positively doped p-substrate 16. The n-well 15 isolates the p-well 12
from the p-substrate 16, providing the FET with advantageous features, and this is
why the twin tub FET is used in prior art silicon chips.

The invention may be implemented by omitting the n-well 15 during
fabrication of the FET, so that the p-well layer lies directly over the p-substrate layer.
The effect of doing this will be to provide a conventionally configured FET having a
substrate layer which is more strongly doped than the substrate layers of other FET’s
provided on the chip. The threshold of the FET is increased by the higher doping of
the p-substrate.

Use of technologies with two different gate oxide thickness is preferred over
modification of the doping because the oxide thickness is better controlled and

supplied device models are more accurate.

Where different gate oxide thickness devices are used to implement the
invention, the thicknesses should be carefully controlled in order to ensure that the
invention functions correctly. The thickness of the oxide layer provides separation of
the current versus gate source voltage curves as shown in figure 3. If the thicknesses
of the oxide layers are very close, then small changes of the doping or device size
may influence the operation of the invention. Thus, it is preferred to provide oxide
layers having very different thicknesses, for example a difference of a factor of two or

greater.

It will be appreciated by those skilled in the art that the circuit shown in figure
2 may be constructed in an ‘opposite’ sense by replacing n-channel transistors with p-
channel transistors, and vice versa. Other modifications of the invention will be

apparent to those skilled in the art.
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Claims

1. A reference circuit comprising first and second field effect transistors
connected to form a first current mirror, and third and fourth field effect transistors
connected to form a second current mirror, wherein a property of the first transistor is
mismatched relative to the second transistor such that the threshold voltage of the first
transistor is significantly higher than the threshold voltage of the second transistor,
and the drain current versus gate-source voltage responses of the first and second
transistors have substantially different gradients for current levels at which the

reference current is operated.

2. A reference circuit according to claim 1, wherein the property of the first
transistor is selected such that, for a particular voltage applied to the common gate of
the first transistor and the second transistor, the second transistor operates
substantially in its strong inversion saturation region whilst the first transistor operates

substantially in its weak inversion saturation region.

3. A reference circuit according to claim 1 or claim 2, wherein the mismatch is
obtained by providing the first transistor with an oxide layer having a thickness which

is greater than the oxide layer of the second transistor.

4. A reference circuit according to claim 3, wherein the thickness of the oxide
layer provided on the first transistor is at least twice the thickness of the oxide layer

provided on the second transistor.

5. A reference circuit according to claim 3 or claim 4, wherein the thickness of
the oxide layer provided on the first transistor is at least 5 nanometers greater than the

thickness of the oxide layer provided on the second transistor.

6. A reference circuit according to claim 4, wherein the thickness of the oxide
layer provided on the first transistor is at least 10 nanometers greater than the

thickness of the oxide layer provided on the second transistor.
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7. A reference circuit according to any preceding claim, wherein the mismatch is
obtained by providing more doping to the substrate of the first transistor than the

substrate of the second transistor.

8. A reference circuit according to claim 7, wherein the first transistor comprises
a modified twin tub configuration, in which a well layer separating an upper tub layer
and a substrate layer is omitted during fabrication such that the upper tub layer is
located directly on the substrate layer, the upper tub layer thereby providing a

substrate layer having increased doping.

9. A reference circuit according to any preceding claim, wherein the third and
fourth transistors are matched such that either side of the second current mirror is
constrained to draw substantially the same current, the circuit having a stable
operating point where the drain current versus gate-source voltages of the first and

second transistors intersect.

10. A reference circuit according to any of claims 1 to 8, wherein the third and
fourth transistors are not matched, so that one side of the second current mirror is

constrained to draw more current than the other side.

11. A reference circuit according to claim 10, wherein the third and fourth
transistors are field effect transistors, and the width of the channel of one of the
transistors is selected to be different to the width of the channel of the other transistor
so that that side of the current mirror is constrained to draw a current which is a ratio

of the current on the other side.

12. A reference circuit according to claim 10 or claim 11, wherein the third and
fourth transistors are field effect transistors, and the length of the channel of one of
the transistors is selected to be different to the length of the channel of the other
transistor so that that side of the current mirror is constrained to draw a current which

is a ratio of the current on the other side.
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13. A reference circuit according to any of claims 1 to 10, wherein the third and

fourth transistors are bipolar transistors.

14. A reference circuit according to any preceding claim, wherein the length of the

first transistor is selected to be different to the length of the second transistor.

15. A reference circuit according to any preceding claim, wherein the width of the

first transistor is selected to be different to the width of the second transistor.

16. A reference circuit according to any preceding claim, wherein a reference

voltage is obtained from the common gate of the third and fourth transistors.

17. A reference circuit according to any preceding claim, wherein a copy of the
reference current is obtained by connecting a FET to the common gate of the third and

the fourth transistor.

18. A reference circuit according to any preceding claim, wherein the first and
second transistors are p-channel field effect transistors, and the third and fourth

transistors are n-channel field effect transistors.
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