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A Low-Voltage CMOS Bandgap Reference

ERIC A. VITTOZ, MEMBER, IEEE, AND OLIVIER NEYROUD

Abstract-The CMOS bandgap voltage reference described here uses

the bipolar substrate-transistor, and the bipolar-like source-todrain
transfer characteristics of MOS transistors in weak inversion to imple-
ment a voltage source that is proportional to absolute temperature

(PTAT). A fiist version of PTAT source is derived from a circuit
described previously. A second version is based on a novel cell that can
be stacked to obtain the desired voltage. Both versions operate down

to 1.3 V with a current drain below 1 I.JA. A stability of 3 mV over
100°C has been obtained with a few nonadjusted samples.

Experimental results suggest some possible improvements to extend

this stability to every circuit.

I. INTRODUCTION

T HE FAST PROGRESS in MOS LSI and VLSI technologies

allows the implementation of increasingly sophisticated

systems on a single chip. Although these systems are mainly

based on digital circuits, they usually need some analog circuitry

to perform functions difficult or impossible to realize by

digital means. For economic reasons, these analog circuits must

be realizable without tighter control or additional steps in the

process.

During the last few years, a series of new solutions were

proposed to meet these requirements, mainly in the areas of
A/D conversion and filtering [1]. Recently, a voltage reference

that uses the difference between gate-source voltages in an

enhancement/depletion process was described [2].

Bandgap voltage references [3] are widely used in bipolar

technology where they reach very high standards of accuracy

and stability [4], [5]. Their principle relies on the fact that
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the voltage VJ across a p-n junction that is forward biased by

a constant current increases fairly linearly with decreasing

temperature, and tends toward the bandgap value VGI) when

the absolute temperature is extrapolated to O. If a voltage

that is proportional to absolute temperature (PTAT) is added

to VJ to exactly compensate the difference between VJ and

VGo, one obtains a total voltage that is independent of

temperature.

The realization of a bandgap reference in MOS technology

has long been hindered by the difficulty of realizing a PTAT

voltage. Solutions to this problem may be found by consider-

ing the behavior of a MOS transistor in weak inversion.

For a negligible density Nss of fast surface states, the drain

current in weak inversion maybe expressed as [6]

ID = SIDO e VdnuT (e-VS/UT . ~-vD/uT) (1)

where S is the effective geometrical shape factor of the trarr-

sistor; VG, Vs, and VD are the gate, source, and drain potentiak

with respect to the substrate, and UT = kT/q. The slope factor

n is fairly controllable, whereas the characteristic current IDO

is very sensitive to process and temperature.

This relation is valid below the weak inversion limit, which

may be expressed as [6]

ID << /3U$ (2)

where /3 is the well-known strong inversion transfer parameter.

A PTAT voltage source based on the exponential ID - VG

characteristics included in (1) has been used in a CMOS band-
gap referen~e described recently [7] : a voltage proportional to

nUT was extracted as the voltage difference across two stacks

of three diode-connected transistors ( VS = O, VD = VG) having
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different values of ID/S. A slightly parabolic temperature

dependence was observed, mainly due to the nonnegli~ble

variation of the slope factor n with temperature. Furthermore,

the need to sum up three gate-to-source voltages is not com-

patible with low-voltage operation.

It is interesting now to compare the MOS transistor in weak

inversion with a bipolar transistor having high-value direct and

inverse gains. By using the simple fundamental Ebers-Moll

model assuming ideal junctions, the collector current may be

expressed as

Ic = Is (evBE’uT - evBc’uT). (3)

Comparison of (3) and (1) shows that a MOS transistor,,,in

weak inversion is equivalent to a bipolar transistor with the

additional possibility of adjusting the characteristic current Is

by means of the gate voltage VG.

This paper will describe two experimental versions of a

CMOS bandgap reference based on this bipolar-like ID (VS,

VD) characteristic of the MOS transistor in weak inversion.

Both versions have the advantage of being independent of the

slope factor n and may operate at a supply voltage as low as

1.3 v.

II. PRINCIPLE OF THE REFERENCE

Fig. 1 shows the block diagram of the CMOS voltage reference

supplying an output voltage VR. The diode voltage VJ is

obtained across the base-emitter junction of a bipolar substrate-

transistor Ts which is available in any CMOS technology by

using the n-type substrate as the collector, a p-type well as the

base, and an n+ diffusion as the emitter. This transistor is

biased by a constant current source IE which does not have to

be more accurate than about t10 percent. The current

reference may thus be an n-channel transistor with gate-source

voltage equal to VR.

The PTAT source supplies a voltage V2, which is compared

to

J/l = Ra

RI +R2
“v~-vJ (4)

by a differential amplifier A. The output S of this differential

amplifier drives the gate of the p-channel regulating transistor

TR. The loop is at equilibrium at

()v~ = 1 +: (VJ+ v~)
2

(5)

whtch IS Independent of temperature, according to the band-

gap reference scheme, if

V-J+ V2 = v@J (6)

at any temperature.

The reference voltage VR may be adjusted to any value

above VGO by properly choosing the ratio R ~/R2. The resistors

can be implemented by means of p-well strips, and binary-

weighted pads may be provided for fine adjustment.

If transistor TR is omitted so that VR equals Vcc, the circuit

operates as a voltage level detector: the state of S changes

when Vcc crosses the value VR given by (5).

Fig. 1. Block digaram of the bandgap voltage reference.
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Fig. 2. Base-emitter voltage of the substrate-transistor. Emitter area is
12 X 12 pm2 on mask. Experimental points are represented by dots.

Measurements of the base-emitter voltage variation with

temperature on a typical bipolar substrate-transistor obtained

in a low-voltage CMOS process are shown in Fig. 2. As for

any good transistor, the curves for various emitter currents

converge linearly towards the extrapolated gap value of about

1.2 V. Statistical measurements at 20”C and 1 WA emitter

current yield a standard deviation of less than 2 mV. Values

of the gain are of the order of 100; the base current is thus

negligible.

From these measurements, a value of the required V2 for any

current and temperature can be obtained. An example at 1 WA

and 20”C is V2 = 670 mV.

III. REALIZATION OF THE PTAT SOURCE, VERSION 1

Fig. 3 shows the circuit diagram of a first version of the PTAT

source, which is derived from a circuit used with bipolar

transistors [8], It is a closed loop made up of two current-

mirrors T1 -T3 and T4 -T2, with a loop gain larger than 1. If

transistors T1 and T3 are in the same p-well and operate in

weak inversion, application of(1) yields [6]

(7)

where an offset voltage A V. has been introduced to account

for the mismatch of both pairs T1 -T3 and T4 -T2. Measure-

ments on pairs of similar transistors show that, at low current,

the main part of this statistical mismatch appears as a small

differential gate voltage A VG, which is independent of the

common values of F’s, VD, and ID applied to both transistors.

Furthermore, A VG is found to be fairly independent of

temperature.

AVO can therefore be calculated by adding AVGn to the gate

voltage of the n-channel transistor T3 and A VG ~ to that of

the p-channel transistor T4. If all transistors operate in weak
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Fig. 3. Circuit diagram of the PTAT source, version 1. Transistors7’1
and T3 must operate in weak inversion. Fig. 4. Photomicrograph of the fustversion of thereference. Theactive

area of O.43 mmzismainly occupied by transistor T3 andresistor R4.

inversion, application of(1) yields

AVGn AVGP
AVo=— -

% np
(8)

where nn and np are the slope factors of the n-channel and

p-channel transistors, respectively. Since AVGn ~d AVGP are

not statistically correlated, the variance of AVO is the sum of

those of the right-hand terms of (8).

The minimum value of Vcc is limited by the necessity to

maintain transistors T2 and T3 in saturation. For equal values

of p- and n-channel threshold voltage, application of (6) yields

the follow@g sufficient condition:

V~~>VG()- VJ+3U~+lVGQl (9)

where 3 UT is the minimum drain-source voltage ensuring

saturation in weak inversion [6]. If T2 and T4 operate in weak

inversion, IVG ~ I is slightly smaller than the threshold voltage

IVTP I of p-ch~nel transistors. Correct operation for Vcc as

low as 1.2 V is @msensured if IVTP I <0.4 V. I

On the other hand, if Tz and T4 operate in strong inversion, -7

19

17 . -1.200

16

T(”C)_

-40 -20 2040608 )

the expression for AVO becomes Fig. 5. Measurements on unadjusted random samples. Number 19

2UT
‘p’ Avm IJ7G4 - v~pl “

Ave. —---- (lo)

The effect of the mismatch in the pair Tz -T4 may thus be

reduced at the expense of an increase in the minimum value of

Vcc.

The maximum value V. practically obtainable is of the order

of 100 mV. Therefore, it must be multiplied up to the necessary

value V2 by means of resistors Rs and R4. The ratio V2 /V. is

fairly insensitive to any mismatch in the pair Tq -T2 if the cur-

rent in the right-hand branch of the circuit is made very small

by choosing S2 << S4.

An experimental circuit has been implemented in low-voltage

CMOS technology with the following values of W/L (in microm-

eters on the mask):

T1 18/8 Tz 40/8

T3 7200/8 Ta 80018,

The loop gain is thus 20 and the current flowing through Rq

differs by only 5 percent from that flowing through Rs. Chan-

nel length is the same for both transistors of each pair in order

to eliminate the uncertainty caused by lateral diffusion. Tws

leads to a very large T3, which is 400 t~es wider than T1.

exhibits a variation OF3 mV from –60° to” +50”C.

Resistances R3 and R4 are implemented as p-well strips

covered by n+ diffusions; nominal values are 230 kfl and

1.75 M!Q. All transistors operate in weak inversion in order

to allow the smallest possible value of Vcc.

Fig. 4 is a photograph of the circuit that includes all ele-

ments of Fig. 1, except the regulating transistor TR and the

resistive divider R 1/R z. It operates, therefore, as a voltage-

level detector with output S switching when Vcc reaches the

value VR centered on VGO. Chip area is 0.43 mm2, mainly

due to transistor T3 and resistor R4.

IV. EXPERIMENTAL RESULTS w ITH VERSION 1

The critical value VR of Vcc that corresponds to a change

of state of output S has been measured as a function of tem-

perature, without making any adjustments. The results for a

random sample of four circuits among 40 are shown in Fig. 5.

It can be noticed that VR varies fairly linearly up to 40°C,

rdthough the slope changes from sample to sample. The fast

increase above 40°C is due to an increasing importance of
leakage currents. There is also a spread of VR at a given

temperature, which results from the offset voltage A V.
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Fig. 6. Measurements on random samPles with V2 /Vo adjusted to 7.8
by low-value external resistors (R4 = 220 kf2).

multiplied by V2 / V.; the offset of the differential amplifier

is comparatively negligible. This spread has a standard de-

viation of the order of 50 mV (measured over 50 circuits);

it could be cancelled by introducing an adjustable divider

R ~-R2. The best sample, number 19, exhibits a variation of

3 mV in the range -60° to +50°C, which corresponds to 22

ppm/°C. The total current drain is about 0.7 VA at 20°C.

The variation of slope from sample to sample is due to the

spread of the resistance ratio R4 /R 3. This can be demonstrated

by fixing the voltage ratio Vz /V. to the same value for all

samples, by means of low-value external resistors. Results are

shown in Fig. 6 for seven random samples, including some of

Fig. 5. It can be seen that the spread in temperature coefficients

is widely reduced. Another interesting point is that although

the currents are now increased slightly beyond the low-inver-

sion limit (lD ~ ~ 2131 U?), the PTAT source still operates cor-

rectly, giving just a slight increase in the central value of VR.

The importance of leakage currents, however, is reduced and

the circuit operates at higher temperatures. Most circuits now

exhibit a variation of less than 8 mV in the range -50° to

+loooC,” which corresponds to 45 ppm/°C.

V. REALIZATION OF THE PTAT SOURCE, VERSION 2

The basic cell of a novel PTAT voltage source is shown in

Fig. 7. The two transistors Ta and Tb are in the same p-well,

which may be connected to the source of Ta or to any more

negative potential. If both transistors operate in weak inver-

sion, (1) may be applied, which yields

()
VO = t7Tln 1 +: +AVO. (11)

a

This result is independent of the current 1 flowing through the

transistors, as long as this current is smaller than the weak in-

version limit and much larger than the leakage currents. Further-

more, the common gate potential must exceed that of the inter-

mediate point by 3 or 4 UT in order to maintain Tb in saturation.

Again, an offset voltage AVO is added because of the mismatch

of the two transistors. By adding A VGn to the gate voltage of

transistor T&, AVO is found to be equal to AVGn/nfl for ~b

>> Sa.

Experimental results on this cell with sb /S= =10 are reported

in Fig. 8 for various values of current 1. The dimensions of

transistor Ta correspond to flaU; =20 nA.

IJTb

El0Ta
Vo

Fig. 7. Elementary PTAT voltage source, version 2. Both transistors
must operate in weak inversion.

I(nA)

V. (mV) 100

30
10
3

1

..-,.

. 20
T (°C )

o
-273 -230 -100 0 100

Fig. 8. Typical measurements on the PTAT cell, version 2. Theoretical
value of V. for perfectly matched transistors is represented by a

dotted line.

Up to about 40”C, measurements for currents ranging from

30 PA to 1 nA all coincide on the same straight line; this line

is fairly parallel to the theoretical behavior with an offset A V.

of about 3 mV. Due to the effect of leakage currents, the

curves deviate from this straight line at a temperature that in-

creases with 1.
If the current is increased above 1 nA, condition (2) for weak

inversion ceases to be fulfilled. Measurements still line up on

parallel straight lines, but these straight lines are progressively

shifted upwards. The slope only starts to change significantly

when Ta fully operates in strong inversion, at about 100 nA.

Values of V. practically obtainable with this cell are limited

to about 100 mV. Higher values may be obtained by stacking
a certain number of cells as shown in Fig. 9. The mode of

operation is still the same, except that the current 1 supplied

to each cell goes through the bottom transistor Ta of all sub-

sequent cells. This must be taken into account in the calcula-

tion of V2.
The advantage of stacking a number of cells, instead of

multiplying the voltage V. of a single cell up to V2, relies on

the fact that the offset voltages A V. of the various cells are

not statistically correlated. The standard deviation of AVO

is therefore multiplied by (V2 / VO)112and the spread of VR is

reduced. As for version 1, the effect of any mismatch in p-

channel transistors may be made negligible by operating these
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Fig.9. Stack ofelementary PTATcells.
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transistors in strong inversion. The minimum value of Vcc is

limited by the necessity to maintain the voltage across Tz above

the saturation value Vwt, which yields

where Vfi is the threshold voltage of n-channel transistors.

It would be possible to have all cells in the same p-well con-

nected to the most negative potential, but substrate modula-

tion would increase Vm and, therefore, the minimum value of

Vcc.

Preliminary results have been obtained on a first voltage

reference based on this circuit. The spread of VR has a standard

deviation reduced to 35 mV, and the peak-to-peak variation

of the temperature coefficient is 110 ppm/°C, without any

adjustment. However, the average value of the temperature

coefficient is not centered on O, and the influence of leakage

currents start to appear at room temperature.

VI. CONCLUSION

Two versions of a bandgap reference based on the well-con-

trolled ID (V~, V~) characteristics of MOS transistors in weak

inversion have been designed and tested. Both can operate

with a supply voltage as low as “1.3 V with a current drain

below 1 MA. Variations of 3 mV over more than 100”C have

been obtained on a few samples of the first version and are

probably within reach for each circuit with one adjustment

at a fixed temperature. The rather poor results obtained with

the second version may be attributed to the nonoptimum

design. There seems to be no basic reason why this scheme

should be inferior to the first one, and it has the advantage of

containing no resistive dividers in the PTAT and has a reduced

spread at freed temperature. The temperature range of both

versions may be extended by increasing the current levels some-

what above the weak inversion limit (without really entering
strong inversion, where control on the temperature coefficient

would be lost), and by optimizing the shape and size of those

of the transistors that are sensitive to leakage currents. Although

the spread in reference voltages at a fixed temperature might

be somewhat reduced by optimizing the design, it does not

seem possible to avoid any adjustment to reach an accuracy of

a few millivolts. Furthermore, long-term stability is still to be

proved. But it must be recalled that the purpose is not to

compete with the best bipolar references currently available,

but to build the best possible reference on a CMOS chip with

no additional steps in the process.
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