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A 2-nW 1.1-V Self-Biased Current Reference in
CMOS Technology
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Márcio Cherem Schneider, Member, IEEE

Abstract—This paper presents the design of an ultra-low-power
self-biased 400-pA current source. We propose the use of a very
simple topology along with a design methodology based on the con-
cept of inversion level. An efficient design methodology has resulted
in a cell area around 0.045 mm2 in the AMI 1.5- m CMOS tech-
nology and power consumption around 2 nW for 1.2-V supply. Sim-
ulated and experimental results validate the design and show that
the current source can operate at supply voltages down to 1.1 V
with a good regulation ( 6% V variation of the supply voltage)
in a 1.5- m technology.

Index Terms—CMOS analog integrated circuit, current source,
low voltage, proportional to absolute temperature (PTAT) voltage.

I. INTRODUCTION

I T IS well known that the performance of nonlinear analog
components depends strongly on the current flowing

through them. Therefore, current references are essential
blocks for properly biasing analog components of integrated
circuits. In the selection of current references, efficient, simple,
and easy-to-design structures are highly desirable [4], [6], [8].

Methodologies for CMOS analog design based on the con-
cept of the inversion level [7], [10] have been shown to provide
a robust alternative for high performance in very-low-power [5]
and low-voltage circuits [4]. In this methodology, the MOSFET
is biased at a current that depends on technological parameters.
Analog circuits based on such a design technique require a cur-
rent reference to be generated on-chip or, in other words, the
design calls for a self-biased current source (SBCS) operating
at the nominal inversion level. An important benefit of the gen-
eration of on-chip current references is the avoidance of extra
pads to communicate with the external environment [1].

Several SBCS circuits are found in the literature [1]–[7], but
none of them has proved to be suitable for extremely low-power
applications. Papers [1]–[3] present current references based on
the properties of the MOSFET biased in strong inversion, which
exhibit relatively high current consumption, on the order of mi-
croamperes. The current references of articles [2] and [3] are not
appropriate for low supply voltage since they use stacked tran-
sistors biased in strong inversion. The SBCS in [6] is dependent
on the thermal voltage and on a resistance value that would re-
quire a very large silicon area for currents in the picoampere and
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nanoampere range. The large current gains required for the cur-
rent mirrors to implement the SBCS presented in [7] degrade
its power efficiency. Common to both current references of [8]
and [9] are the generation of a proportional to absolute temper-
ature (PTAT) voltage, the use of some current mirrors with gain
higher than one, and the operation of some transistors in strong
inversion. The use of non unity-gain current mirrors results in
power consumption higher than using unity-gain current mir-
rors. Moreover, operation of transistors in strong inversion re-
quires higher supply voltages to turn on the current source.

The SBCS we propose here shares some similarities with the
circuits proposed in [7]–[9], namely: 1) a PTAT voltage derived
from MOSFETs biased in weak inversion; 2) an output cur-
rent proportional to the MOSFET specific current [10]. How-
ever, our SBCS circuit uses MOSFETs only, operating in either
weak inversion or moderate inversion. As a result, the SBCS in
this study is able to operate at lower supply voltages and con-
sumes less power than all the previously reported SBCS since
we employ unity-gain current mirrors. Our current reference can
operate down to 1.1-V supply voltage in 1.5- m CMOS tech-
nology (or 0.7-V supply in sub-0.18- m technologies) and ex-
hibits low sensitivity to supply voltage.

The paper is organized as follows. In Section II, the advanced
compact MOSFET (ACM) model [10] and the concept of inver-
sion level are summarized. We develop the basic design equa-
tions for the SBCS in Section III. Section IV introduces the
low-voltage SBCS. The design methodology of the current ref-
erence is formulated in Section V. As a design example, a very
low power SBCS is implemented in the AMI 1.5- m CMOS
process and the associated simulation and experimental results
are presented in Section VI. Finally, concluding comments are
presented in Section VII.

II. ACM MODEL

In the design methodology for the SBCS, we have employed
ACM, a current-based MOSFET model that uses the concept
of inversion level [10]. According to the ACM model, the drain
current can be split into the forward ( ) and reverse ( ) cur-
rents

(1)

(2)

(3)
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Fig. 1. Schematic of the SCM.

( ) depends on the gate and source (drain) voltages. In
forward saturation, ; consequently, .

is the normalization (specific) current and is the sheet
specific current ( for ), ( ) is the forward (reverse)
inversion level, and , , , , and are the mo-
bility, gate oxide capacitance/area, slope factor, thermal voltage,
and the transistor aspect ratio, respectively. The relationship be-
tween current and voltage [10] is given by

(4)

where is the pinch-off voltage and
is the zero bias threshold voltage. More details regarding

(1)–(4) can be found in [10]. The sheet specific currents for
the AMI 1.5- m technology are approximately nA
and nA calculated assuming for n- and
p-channel devices, respectively, while 0.9 V and

0.6 V.
The SBCS circuit proposed here is an extractor of the nor-

malization (specific) current [7] optimized for low-voltage
and very low power applications.

III. DESIGN EQUATIONS

The core of the SBCS is the self-cascode MOSFET (SCM)
shown in Fig. 1. The – characteristic of the SCM is very ap-
propriate for building low-voltage analog blocks such as current
references and sub-100-mV PTAT voltage [5]–[9].

The design equations (7)–(9) that describe the - charac-
teristic of the SCM have been deduced using (1)–(4) and the
schematic in Fig. 1. According to (1), the drain currents of
and can be expressed as functions of the forward and reverse
inversion levels. Since is saturated, then

(5)

and for , in the triode region

(6)

Since and , then ;
thus, from (5) and (6), we can find the relationship

(7)

The application of (4) to node for results in

(8)

Fig. 2. SBS.

Fig. 3. SBCS circuit.

while, for the source of , expression (4) gives

(9)

Equations (7)–(9) with three unknowns ( , , ) have
been instrumental in the development of the design method-
ology of the SBCS. If we assume that a voltage generator sets

at a given value and a pMOS current mirror defines ,
the inversion levels and as well as the current flowing
through and are readily determined. In the following,
we show an implementation of a reference voltage for .

The self-biased structure (SBS) in Fig. 2 can be used to gen-
erate at the intermediate node of the SCM [6]. can
be calculated using (4) and assuming - to be operating
in weak inversion saturation. Noting that ,

, and , then

(10)

where and . In our circuit topology,
can be either zero or a PTAT voltage generated by means of

a second SCM operating in weak inversion, as shown in Fig. 3.
The application of expressions (7)–(9) to the SCM - op-
erating in weak inversion gives

(11)

Both PTAT voltage references expressed by (10) and (11) are
relatively immune to supply voltage as well as to technological
parameters provided the transistors operate in weak inversion.
In weak inversion, the SCM - generates a sub-100-mV
PTAT reference independent of current level and technology.
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IV. PROPOSED LOW-VOLTAGE SBCS

A simple version of our SBCS circuit is shown in Fig. 3,
where can be either zero or . This power-efficient
SBCS replaces the resistor given in [6] with an SCM operating
in moderate inversion to achieve the requirements of low voltage
operation.

The circuit shown in Fig. 3 operates as follows. When both
and are biased in weak inversion there is a PTAT voltage

shift ( ) between the two MOS devices. If the switch is
connected to ground, the PTAT voltage is given by (10), with

. This simple topology is stable for and is very
accurate for [9].

If the switch is connected to - , then is given by
(11). This second implementation results in improved symmetry
(for ) and matching of the structure.

V. DESIGN METHODOLOGY

The design specifications of the current reference are usually
the minimum supply voltage ( ), power dissipation, sil-
icon area, and sensitivities, in addition to , the value of the
current itself. The design methodology can be applied to either
the simple topology (switch connected to ground) or the sym-
metric topology (switch connected to node ) in Fig. 3.
The only difference between these two topologies as regards de-
sign methodology is the way how the voltage is gener-
ated.

The minimum supply voltage, which is determined by the
constraints imposed by the two leftmost branches in Fig. 3, can
be written as

(12.a)
where mV since operates in weak in-
version. The p-channel transistors are sized to operate in weak
inversion, with an inversion level close to 1 or smaller; there-
fore, mV and or less. is
chosen to be less than 100 mV while is sized so as to op-
erate in moderate inversion, with within the range 3 to 8.
This choice of has two purposes: 1) should not be oper-
ating in weak inversion in order to reduce the sensitivity of the
reference current to both mismatch and supply voltage; 2) the
selected inversion level of should have a relatively small
value in moderate inversion so that its gate-to-source voltage
is only slightly higher than the threshold voltage. Since, in this
case, 100 mV and is within the range 3 to 8, then

100 mV. Hence, we can use the
first-order approximation for (12.a)

mV (12.b)

to calculate the minimum supply voltage. Although expression
(12.b) is a rough approximation, it is very useful for predicting
the minimum supply voltage required to turn on the current ref-
erence circuit.

Fig. 4. Relative sensitivity of the reference current versus i .

Expressions (7)–(9), together with

(13)

which gives the sensitivity of the reference current to form
the basis of our design methodology. To derive (13), we have
assumed a deviation in equal to and that equal
currents flow through and ( ).

The graphical representation of (13) is shown in Fig. 4 for
three different ratios.

One can readily notice that the sensitivity of the reference cur-
rent to is extremely high for low inversion levels ( ).
If , for instance, the reference current changes by more
than 10%/mV variation in . The regulation of the current with
respect to supply voltage can be demonstrated to be inversely
proportional to the factor in square brackets given in expres-
sion (13). Therefore, in order to minimize the dependence of

on both mismatch and one should avoid operation of
at low inversion levels. The sensitivity of the current to the

power supply is mostly associated with the Early effect of
and . The Early effect can be reduced using long channel
transistors. However, this demands a large silicon area. One ap-
proach to obtaining long channel lengths with moderate area is
the trapezoidal transistor proposed in [12]. We have employed
trapezoidal transistors for implementing and as well as
the pMOS transistors.

In our design methodology, we have designed to operate
in moderate inversion with or, equivalently,

[see (8)], and . Using the simple topology (
) for a given factor, we can readily calculate from (8) and

(9) by solving

(14.a)

for . Once has been calculated for a given , one can
calculate from (7), which, for , yields

(14.b)
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TABLE I
SUMMARY OF SIMULATIONS AND EXPERIMENTS

TABLE II
TRANSISTOR SIZES FOR THE SYMMETRIC TOPOLOGY

From

(14.c)

we find .
For , keeps in weak inversion and

the factor defines a tradeoff between power consumption and
area. The aspect ratio ( ) of the pMOS transistors - and

is calculated using (2) and the appropriate inversion level,
which is usually less than 1 for low-voltage applications.

For the design of the symmetric topology, we have used the
same methodology but with , and , calculated from
(11) for a given .

VI. RESULTS

The circuit topologies with the switch connected either to
ground or to the node in Fig. 3 have been designed
for the AMI 1.5- m CMOS technology. A comparison of post
layout simulation using the BSIM 3v3 model and experimental
results is given in Table I for 400 pA, ,

, and . The transistor dimensions for the
symmetric topology are presented in Table II.

The experimental results show that the sensitivity of the ref-
erence current to the supply is relatively low and quite accept-
able for most applications. Two major factors are primarily re-
sponsible for the discrepancies between the simulated and ex-
perimental results for both the current and voltage regulation
namely, poor modeling of the MOSFET output conductance in
the BSIM 3v3 model and leakage through the protection diodes
of the I/O pads.

Fig. 5. Micrograph of the symmetric topology of the current reference.

Fig. 6. Current reference against supply voltage for the symmetric topology
(K = 1).

The area of the core cell of the symmetric SBCS shown in
Fig. 5 is around 230 200 m .

Simulation and experimental results for the reference current
are compared in Fig. 6 for five samples of the circuit. These
results validate the design and show that the current source can
operate at voltages down to the value resulting from (12.b) (in
the technology used for the current reference, V
and V). As can be observed in Fig. 6, the variation of
the reference current around the nominal value is relatively low.
The average current reference obtained from two sets of five
samples with two different layouts is 410 pA with a maximum
deviation of at 1.2 V supply.

Fig. 7 shows the approximate PTAT dependence of the cur-
rent reference, which can be explained using (3). For the temper-
ature range of the measurements, the mobility is inversely pro-
portional to the absolute temperature. For temperatures close to
60 or higher, the leakage current through the protection diode
of the current pad becomes on the order of the reference current
and, thus, the current measured is much higher than expected.
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Fig. 7. Dependence of current reference on temperature.

VII. SUMMARY AND CONCLUSION

A low-voltage low-power self-biased current-source has been
proposed. Design equations based on the ACM model have been
provided. The proposed circuits are process-independent and re-
producible in any standard CMOS technology. Simulation and
experimental results have shown that the SBCS provides ultra-
low-power operation, low sensitivity to changes in the supply
voltage, small silicon area and can operate at power-supply volt-
ages down to 1.1 V in a 1.5- m technology. The SBCS and de-
sign methodology proposed here were demonstrated to be par-
ticularly suited to very-low-power low-voltage applications, of-
fering the potential to operate at supply voltages down to 0.7 V
in a 0.18- m CMOS technology due to operation of all transis-
tors in either moderate or weak inversion.
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