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A Sub-1-V, 10 ppm/ C, Nanopower Voltage
Reference Generator

Giuseppe De Vita and Giuseppe Iannaccone, Member, IEEE

Abstract—An extreme low power voltage reference generator
operating with a supply voltage ranging from 0.9 to 4 V has been
implemented in AMS 0.35- m CMOS process. The maximum
supply current measured at the maximum supply voltage and
at 80 C is 70 nA. A temperature coefficient of 10 ppm C is
achieved as the combined effect of 1) a perfect suppression of the
temperature dependence of mobility; 2) the compensation of the
channel length modulation effect on the temperature coefficient;
and 3) the absence of the body effect. The power supply rejection
ratio without any filtering capacitor at 100 Hz and 10 MHz is
lower than 53 and 42 dB, respectively. The occupied chip area
is 0.045 mm .

Index Terms—CMOS voltage reference, low power, temperature
compensation.

I. INTRODUCTION

LOW voltage and extreme low power are essential design
requirements for circuits and systems to be deployed in a

pervasive electronics scenario, where battery replacement can
be very costly or where other energy-scavenging techniques are
used. The growing interest for such types of applications drives
a robust demand for circuit building blocks operating with low
supply voltage and sub-microwatt power. Among them, voltage
reference generators are ubiquitous: they are used in almost all
analog and digital systems to generate a DC voltage independent
of the supply voltage and of temperature variations. In order to
ensure compatibility with the rest of the system, they are prefer-
entially implemented with a standard CMOS process. Common
solutions entail the use of a bandgap voltage reference, which
can be implemented in any standard CMOS technology by ex-
ploiting the parasitic vertical BJTs [1], [2]. Bandgap voltage ref-
erences typically provide a voltage around 1.25 V and therefore
require a higher supply voltage. Such constraint can be over-
come by using resistive subdivision methods [2] that allow us
to reduce the reference voltage, enabling sub-1-V operation.

Other voltage references are based on the availability of tran-
sistors with two different threshold voltages in the same CMOS
technology. Such feature can be obtained by using a selective
channel implant [3], [4], by using different materials for the
gate stack [5], or by doping differently the polysilicon gates
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[6]. Such solutions cannot be implemented in a standard CMOS
technology because they require additional fabrication steps.

Other types of voltage references, implemented with a
standard CMOS technology, are based on a weighted differ-
ence between the gate-source voltages of two MOS transis-
tors [7]–[9] but they cannot usually operate in the sub-1-V
regime. Design solutions of this type typically compensate the
temperature dependence of the mobility only at the reference
temperature, thereby providing a degraded temperature coeffi-
cient when the circuit is not at the reference temperature [1],
[2], [7], [8]. Moreover, they use one or more resistors, which
largely increase the area occupation on silicon.

In this paper, we present a CMOS voltage reference, which
exploits the MOS characteristics in the saturation and in the sub-
threshold regions, able to operate with a supply voltage lower
than 1 V and with power consumption lower than 100 nW. The
proposed design achieves a complete cancellation of the effects
of the temperature dependence of carrier mobility for any tem-
perature. Also, channel-length modulation and body effect are
compensated, providing very good temperature compensation.

II. OVERVIEW OF CMOS-BASED VOLTAGE

REFERENCE CIRCUITS

A simplified circuit of a conventional voltage reference gen-
erator based on the difference between the gate-source voltages
of two MOS transistors is shown in Fig. 1(a) [9]. Both transis-
tors work in the saturation region. The I–V characteristic of an
nMOS transistor in weak and moderate inversion can be well
approximated by the parabolic expression:

(1)

where is the electron mobility in the channel, is the
oxide capacitance per unit area, is the threshold voltage,
is the channel length modulation coefficient, and and are
the channel width and length, respectively. By using (1) and
neglecting the channel length modulation effect , the
reference voltage has the expression shown below [9]:

(2)

where the current is indicated in Fig. 1(a), subscript asso-
ciates any quantity to transistor , and .
To reduce the dependence of on the temperature via
and the parameters (through the mobility), a low bias current
is used so that . We also need a multiple
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Fig. 1. (a) Simplified circuit of a conventional voltage reference based on the
difference between the gate-source voltages of two MOS transistors. (b) Sim-
plified circuit of the voltage reference proposed in [8].

threshold voltage process and good process control to make the
temperature coefficients of the two as close as possible.

Another design based on the difference between the gate-
source voltages of two MOS transistors has been presented in
[8] and requires a standard CMOS process. A simplified circuit
of such design is shown in Fig. 1(b). The current , shown in
Fig. 1(b), is a PTAT current. By using (1) with , the ex-
pression of the reference voltage is

(3)

where and are the resistances shown in Fig. 1(b), and
and are the gate-source voltages of and ,

respectively. As shown in [8], the resistance ratio is chosen
in order to compensate the temperature dependence of the
threshold voltage while the ratios are chosen in order to
compensate the mobility temperature dependence only at the
reference temperature. As a consequence, notwithstanding the
advantage of using a standard CMOS process, the temperature
coefficient rapidly degrades when the temperature departs from
the reference temperature. A measured temperature coefficient
of 36.9 ppm C is achieved [8]. Furthermore, the minimum
supply voltage is still larger than 1.4 V.

A simplified circuit of a voltage reference, based on a differ-
ence between the gate-source voltages of two MOS transistors,
that allows us a perfect suppression of the temperature depen-
dence of the mobility is shown in Fig. 2(a) [10]. The current
in Fig. 2(a) is properly generated so that the temperature depen-
dence of the mobility is completely suppressed. Since all tran-
sistors in Fig. 2(a) work in the saturation region, by using (1)
with , the expression of the reference voltage is

(4)

where is the bias current of and . As is clear from
(4), the current must be proportional to in order to
compensate for both the temperature dependence of mobility

Fig. 2. (a) Simplified circuit of the voltage reference proposed in [10]. (b) Sim-
plified circuit of the voltage reference proposed in [11].

and the negative linear temperature dependence of . From (4)
one can obtain the ratio that provides zero temperature
coefficient at any temperature.

Unfortunately, in such design the temperature coefficient de-
grades due to non-ideal effects, i.e., channel length modula-
tion and body effect. An experimental temperature coefficient
of 25 ppm C is achieved.

A design solution that provides both a complete suppression
of the temperature dependence of mobility and a compensation
of non-ideal effects is illustrated in Fig. 2(b) [11]. Since all tran-
sistors work in the saturation region, by using (1) with ,
the expression of the reference voltage is

(5)

Again, by generating [now indicated in Fig. 2(b)] propor-
tional to , one can obtain the ratio
that provides zero temperature coefficient of in (5) at all
temperatures. If we now consider also the channel length modu-
lation effect, if the previous first-order condition is satisfied, the
temperature coefficient of the reference voltage is

(6)

where is the BSIM3v3 threshold voltage temperature coef-
ficient. As is clear from (6), in order to achieve a zero temper-
ature coefficient, the reference voltage must be set to twice the
threshold voltage.

If we consider the body effect, the threshold voltage of a MOS
transistor can be written as follows:

(7)

where is a process constant, is the surface potential of
the MOS transistor, is the threshold voltage for ,
and is the bulk-source voltage. If the first-order condition
for a zero temperature coefficient is satisfied, the temperature
coefficient of the reference voltage is

(8)
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In order to achieve a zero temperature coefficient, it is suffi-
cient to ensure that the source terminals of and are at
the same voltage. In conclusion, thanks to the topology used
in [11], channel-length modulation and body effects can be
compensated, leading to a very good temperature coefficient of
10 ppm C. Unfortunately, the minimum supply voltage is still
quite high, that is, larger than 1.5 V, and thus it is not suitable
for low-voltage applications.

III. OPERATING PRINCIPLE OF THE PROPOSED VOLTAGE

REFERENCE GENERATOR

In this paper, we present a CMOS voltage reference with
a minimum supply voltage smaller than 1 V, really enabling
low-voltage operation, and which still provides a very good tem-
perature coefficient thanks to a complete suppression of the tem-
perature dependence of mobility and to the compensation of
non-ideal effects.

Let us consider the active load of the proposed reference
voltage generator, shown in Fig. 3. Assuming that all transis-
tors of the active load work in the saturation region, the output
reference voltage would be given by

(9)

where is the bias current of . As is evident from (9), the
temperature coefficient of the output reference voltage consists
of a first component due to the temperature dependence of the
threshold voltage and a second component due to the tempera-
ture dependence of mobility and of the bias current. Since is
proportional to mobility, a bias current proportional to mobility
would completely suppress the effect of the temperature depen-
dence of mobility on the output reference voltage.

As a first approximation, we can assume that the threshold
voltage of an nMOS transistor linearly decreases with tempera-
ture, as shown below:

(10)

where is the absolute temperature and is the absolute tem-
perature at which is evaluated. As a consequence, in order
to achieve the temperature compensation with a perfect cancel-
lation of the temperature dependence of mobility at any tem-
perature, we need a bias current proportional to mobility and to
the temperature squared, that is, . We have found
a solution to generate such a current based on MOS transistors
operating in the saturation and the subthreshold regions, as will
be explained in the next section.

IV. CIRCUIT DESCRIPTION

The proposed voltage reference generator is shown in Fig. 3.
A circuit formed by transistors numbered from to gener-
ates a current as independent as possible of the supply voltage

. Such current is then injected into the diode-connected
nMOS transistor . The temperature dependence of is
compensated by the temperature dependence of the gate-source
voltage of , generating a temperature-compensated refer-
ence voltage .

Fig. 3. Proposed voltage reference circuit.

A. Current Generator Circuit

The core of the current generator circuit is represented by
transistors – , which determine the value of the current

, whereas transistors and impose equal current in
and and transistors and impose equal current

in and . Transistors and (indicated in Fig. 3
with a symbol having a thicker line for the gate) are 5-V nMOS
transistors with a threshold voltage of 0.7 V; all the other tran-
sistors are 3.3-V MOS transistors with a threshold voltage of
0.498 V and 0.75 V for nMOS and pMOS, respectively. The
two different threshold voltages allow us to bias and in
the subthreshold region and, at the same time, to bias and

in the saturation region. Such behavior is achieved by set-
ting the gate-source voltages of , and , to a value
between 0.498 V and 0.7 V. The I–V characteristics of an nMOS
transistor that operates in the saturation and the subthreshold re-
gions can be approximated by (1) and (10), respectively.

(11)

where is the thermal voltage and is the subthreshold slope
parameter. In the following, the integer subscript will be added
to quantities referred to transistor . The gate-source voltages
of and ( and ) are identical and can be extracted
from (1) and (10) by considering and in subthreshold
with drain current and and in saturation with a drain
current . Then, by enforcing and

, we have

(12)

(13)
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where we have neglected channel length modulation
and have set the term between square brackets in (10) to unity.
Obviously, since the source terminals of all nMOS transistors
are grounded, the body effect plays no role and
and . By subtracting (12) from (13), we can extract
the expression of the current :

(14)

where we have defined .

B. Active Load

The active load consists of a diode-connected nMOS tran-
sistor, . The current previously generated, given by (14), is
then injected into the diode-connected transistor , in order
to generate a temperature-compensated reference voltage.
operates in the saturation region and then by using (1) and (14),
we can derive the output voltage :

(15)

The proposed configuration of the voltage reference generator
allows us to generate the current with no resistors, as opposed
to what is done in similar circuits [2], [8]. This is particularly
important in the case of an ultra-low-power voltage reference
generator because a very large resistance would be necessary to
generate a very small current (some tens of nA). As a con-
sequence, the proposed circuit topology allows us to drastically
reduce the area occupation on the chip, as will be evident from
comparison with the literature.

Since the reference voltage generator has two stable states,
corresponding to the current given by (14) and to zero current,
a start-up circuit (formed by – ) is used to ensure that
the former stable state is achieved.

V. DESIGN CONSIDERATIONS

A. Channel Length Modulation Effect

Transistors , , , , and are diode-connected,
and therefore almost all the variation of the supply voltage drops
on the drain-source voltages of transistors , , of the
current mirrors, and on the drain-source voltages of transistors

, . As a consequence, in order to drastically reduce the
channel length modulation effect, the channel length of all the
transistors in the current mirrors and of must be quite large,
and the drain-source voltage of , which operates in the sub-
threshold region, must be larger than so that the de-
pendence of the current in (10) becomes negligible.

B. Dimensioning for Minimum Power Consumption

The minimum power consumption of the proposed voltage
reference generator and then the minimum acceptable value of
the bias current is imposed by , , and , which must
operate in the saturation region. By assuming that

, if operates in the saturation region with

, then M2, which has the same drain current, will work in
the saturation region as well. In such condition, the minimum
current can be evaluated by imposing that operates in the
saturation region with . The minimum currents

and have thus the following expressions:

(16)

(17)

As clear from (16) and (17), in order to achieve small power con-
sumption, we have to choose small values for and

. In order to ensure the operation of in the
saturation region when , must be smaller than .

C. Sensitivity to Process Variations

From (15) we can see that the reference voltage generated by
the proposed voltage reference is not process independent, as is
usually the case in bandgap references. By neglecting matching
errors on ratios in (15), the sensitivity of the reference
voltage is mainly due to the accuracy of the threshold voltage of
the diode-connected nMOS transistor . In order to achieve
a low sensitivity to process variations, as typically required
in several applications, we have to minimize the variations of
the threshold voltage of . The statistical distribution of the
threshold voltage depends on both process variations and mis-
match. Here, process variations are those that affect similarly
adjacent transistors, and are due to intra-wafer, inter-wafer, or
inter-batch non-uniformity of the process, while mismatch vari-
ations are those that cause different properties even in adjacent
transistors, such as those due to random dopant fluctuations in
the active area, line edge roughness, etc. The effect of process
variations on the threshold voltage are not compensated in the
present circuit, while those due to mismatch are dominated by
random dopant fluctuations and lead to a standard deviation of
the threshold voltage inversely proportional to [12]. As
a consequence, such variations can be reduced by setting the
channel length and width of large enough, until mismatch
is negligible compared to the effect of process variations.

From Monte Carlo simulations, we obtain that three times the
standard deviation of the threshold voltage due to only process
variations is 11%. From experiments, instead, we measure a
smaller standard deviation either because the model overesti-
mates process variations or because all the measured samples
are in the same batch and then inter-batch variations are not con-
sidered. In such a way, an acceptable sensitivity to process vari-
ations is achieved, as will be shown later. In any case, we have to
expect that the standard deviation of the reference voltage gen-
erated by the proposed circuit is larger than that of a bandgap
reference. On the other hand, bandgap references use one or
more operational amplifiers [1], [2], which have a non-negli-
gible power consumption because they have to guarantee a large
loop gain, and usually require some resistors, which occupy a
large area on silicon. The proposed voltage reference, instead,
is a very simple circuit of just 10 transistors, with no operational
amplifiers nor resistors, and is therefore very promising in terms
of power consumption and area occupation.
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VI. DYNAMIC RANGE

The minimum supply voltage is imposed by the current gen-
erator circuit. In particular, we have to ensure that operates
in the saturation region with
and that has a drain-source voltage of at least 100 mV so
that the dependence of the current in can be neglected.
Consequently, the following expression has to be satisfied:

(18)

Then the minimum supply voltage is 0.9 V in the AMS 0.35- m
CMOS process. Such voltage is also sufficient to ensure the op-
eration of and in the saturation region. The maximum
supply voltage is imposed by the maximum drain-source voltage
allowed for MOS transistors, as shown below:

(19)

Since in the AMS 0.35- m CMOS process the maximum value
for the drain-source voltage of a MOS transistor is 3.3 V, the
maximum value of the supply voltage is about 4 V.

VII. TEMPERATURE COMPENSATION

The first-order temperature coefficient of the threshold
voltage of nMOS transistors in our technology is 0.33 mV/ C.
By differentiating (15) with respect to the temperature and
taking into account (11), one obtains

(20)

where is the Boltzmann constant and is the electron charge.
As clear from (20), the temperature coefficient is independent of
the temperature dependence of the carrier mobility. Indeed, in
virtue of the topology used, a perfect suppression of the tem-
perature dependence of the mobility is achieved; this leads to a
smaller temperature coefficient over a large temperature range
compared to cases in which the temperature dependence of the
mobility is compensated only at the reference temperature [8].
By setting (20) to zero, we obtain the condition

(21)

Therefore, if (21) is satisfied, we obtain that the temperature co-
efficient (20) is zero for any temperature. It is clear that this is
true within the approximation done in (11) and the simplified
transistor characteristics (1) and (10). Such first-order condi-
tion for a zero temperature coefficient has been calculated by
neglecting any non-ideal effect.

If (21) is satisfied, (15) can be rewritten as
. At the reference temperature , the long

channel threshold voltage of an nMOS transistor in AMS
0.35- m technology is 0.498 V (the BSIM3v3 parameter
Vth0). Since in our design the transistor has a medium
channel length m , its threshold voltage in-
creases, due to the effect of lateral pocket implants, to 562 mV.
As a consequence, by neglecting other effects on the threshold

voltage, the value we expect for the reference voltage is
662 mV, which is very close to the value later obtained from
experiments.

A. Non-Ideal Effects on the Temperature Coefficient

1) Channel Length Modulation Effect: In the calculation of
the current in (14) the channel length modulation effect was
neglected. In order to take it into account, the I–V characteristics
of a MOS in the saturation region (such as and ) can
be written as in (1) for . Since transistors and
work in the subthreshold region, the channel length modulation
effect can be neglected if the drain source voltage is 4 times the
thermal voltage. In such condition, using the same procedure
used to calculate (14), the current is

(22)
By dimensioning the channel length of large enough, we
can assume that and use first-order Taylor series
expansion to rewrite (22) as

(23)

where is the current when the channel length mod-
ulation effect is neglected . By using (9) and (23) and
by using again first-order Taylor series expansion, the reference
voltage can be rewritten as

(24)

where is the reference voltage calculated for and
given by (15). The drain-source voltage
of can be expressed by

(25)

where is the threshold voltage of a pMOS transistor. By
substituting (25) in (24), by assuming that (21) is satisfied,
the temperature coefficient of the reference voltage has the
following expression:

(26)

where is the threshold voltage temperature coefficient
of a pMOS transistor and second-order terms have been ne-
glected. By equating (26) to zero, we can derive the value of

that allows us to achieve a zero temper-
ature coefficient as

(27)
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Fig. 4. Die photograph of the voltage reference generator (core).

Equation (27) has been calculated for a value of in the
middle of the supply voltage range . From (27),
it is evident that if , the temperature coefficient
is negative, otherwise is positive.

2) Body Effect: In the proposed voltage reference there is no
body effect because the bulk terminals of all nMOS transistors
are grounded and the bulk terminals of all pMOS transistors are
connected to the supply voltage .

Thanks to the topology used and to proper dimensioning,
channel-length modulation and body effect are compensated,
leading to a very good temperature coefficient. As in the design
proposed in [11], we expect a low temperature coefficient
with the advantage that the proposed voltage reference allows
sub-1-V operation.

VIII. EXPERIMENTAL RESULTS

The proposed voltage reference has been implemented with
AMS 0.35- m CMOS process. The die photograph is shown
in Fig. 4. Measurements show that the proposed voltage ref-
erence generates a mean reference voltage of about 670 mV
with a variation of 5.67 mV at room temperature, when the
supply voltage varies from 0.9 V to 4 V, as shown in Fig. 5(a).
The power supply rejection ratio, without any filtering capac-
itor, is 47 dB at 100 Hz and 40 dB at 10 MHz, for the
smallest supply voltage. At larger supply voltage, the power
supply rejection ratio decreases to 53 dB at 100 Hz and to

42 dB at 10 MHz, as shown in Fig. 5(b). Fig. 6 shows the
output voltage dependence on temperature for different values
of the supply voltage. The measured temperature coefficient at

and is 10 ppm C and 13 ppm C,
respectively, and increases to 18 and 20 ppm C at
and , respectively, corresponding to the max-
imum and minimum supply voltage. At 80 C, the current drawn
at the maximum supply voltage is 70 nA and at the minimum
supply voltage is 50 nA. At room temperature, instead, the cur-
rent drawn at the maximum supply voltage is 55 nA and at the
minimum supply voltage is 40 nA. The current drawn from the
supply voltage as a function of the supply voltage for different
values of the temperature is shown in Fig. 7. In order to evaluate
the sensitivity of the reference voltage to process variations, 20
different samples of the same batch have been tested: the mean

Fig. 5. Experiments: (a) Output voltage versus supply voltage at room temper-
ature; (b) PSRR at room temperature and for a supply voltage of 2 V.

Fig. 6. Measured output voltage versus temperature for four values of the
supply voltage.

Fig. 7. Current drawn from the supply voltage versus supply voltage for dif-
ferent values of the temperature.

value of the reference voltage is 670 mV and the standard devi-
ation is 3.1%. As expected, the standard deviation is worse than
that of a bandgap reference, which usually is in the order of 1%
[1], [2]. The occupied chip area is 0.045 mm . A comparison
with best performing published voltage reference circuits fabri-
cated with a standard CMOS process is shown in Table I. It can
be noted that the proposed voltage reference has the smallest
temperature coefficient, the minimum supply voltage, and by
large the smallest power consumption, in the tens of nW range.
The power supply rejection ratio (PSRR) and the line sensitivity
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TABLE I
COMPARISON WITH VOLTAGE REFERENCE GENERATORS AVAILABLE IN THE LITERATURE

are comparable to other solutions already presented in the liter-
ature. Moreover, from Table I we can see that the power con-
sumption and the area occupation on the chip of the proposed
voltage reference are much smaller, by several orders of mag-
nitude in the case of the power consumption and by more than
one order of magnitude in the case of the area occupation on the
chip, than those of the bandgap reference proposed in [2].

IX. CONCLUSION

A low-voltage, extreme low-power voltage reference gener-
ator implemented in AMS 0.35- m CMOS has been presented.
The design conditions to minimize the power consumption and
the temperature coefficient have been described in detail. The
complete suppression of the temperature dependence of mo-
bility in a wide temperature range, the compensation of the
channel length modulation effect on the temperature coefficient,
and the elimination of the body effect have allowed us to obtain
a very small temperature coefficient of 10 ppm C. The min-
imum supply voltage of only 0.9 V and the maximum quiescent
current of only 70 nA leads to a total absorbed power in the de-
cananowatt range, which makes the circuit very attractive for
nanopower applications.
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