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ABSTRACT

A new sub-1-V CMOS bandgap voltage reference
without using low threshold voltage device is presented in
this paper. The new proposed sub-1-V bandgap reference
with startup circuit has been successfully verified in a
standard 0.25 um CMOS process. The experimental results
show that, at the minimum supply voltage of 0.85 V, the
output reference voltage is 238.2 mV with an effective
temperature coefficient of 58.1 ppm/°C while DC current is
28 nA. At 0.85 V supply voltage, the measured power noise
rejection ratio is -33.2 dB at 10 kHz.

1. INTRODUCTION

Low voltage and low power are two important design
criteria in both analog and digital systems. It is expected
that the whole system will be operated down to a single 1 V
supply in near future. The bandgap reference generators
which can operate from 1 V supply are widely used in
DRAM and flash memories.

In CMOS technology, parasitic vertical bipolar junction
transistors (BJT) are used in high-precision bandgap
voltage reference. The conventional CMOS bandgap
reference does not work in near 1 V supply voltage. The
reason, that the minimum supply voltage can not be lower
than 1 V, is constrained by two factors. One is that the
output voltage is around 1.25 V [1], [2], which exceeds 1 V
supply. The other is that the low-voltage design of the
proportional to absolute temperature current generation
loop is limited by the input common-mode voltage of the
amplifier [1], [3]. These two limitations can be solved by
the resistive subdivision methods [4], [5], using low
threshold voltage (or native) device [4]-[6], BiICMOS
process [3], or DTMOST [7] device. However, either low
threshold devices or BICMOS process will increase the
fabrication cost to IC products.

In this work, a new bandgap reference is proposed,
which can be successfully operated with sub-1-V supply in
a standard 0.25 um CMOS process without special process
technology. The new proposed bandgap voltage reference
with a stable output voltage Vggr of 238.2 mV and
temperature coefficient of 58.1 ppm/°C under VDD power
supply of 0.85 V has been proven in the silicon chip.
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2. CONVENTIONAL BANDGAP REFERENCE
CIRCUIT

A typical CMOS implementation of a bandgap reference
is shown in Fig. 1. The output reference voltage Vygr of the
conventional bandgap reference circuit can be written as

R A
Veer—conv = Vega +?2VT In (le (1)
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where A and A, is the emitter areas of Q; and Q,, and Vr is
thermal voltage. The second term in (1) is proportional to
the absolute temperature (PTAT), which is used to cancel
the negative temperature coefficient of Vgg. Hence, if a
proper ration of resistors is kept, an output voltage with low
sensitivity to the temperature can be obtained. In general,
the Vygris about 1.25 'V, so that the conventional bandgap
reference circuit can not be used in low voltage application,
suchas 1 V.
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Fig. 1. The conventional bandgap reference circuit.

3. NEW PROPOSED BANDGAP REFERENCE
CIRCUIT

The concept of the new proposed bandgap reference is
that the two voltages (which are proportional to Vg and V1)
are generated by only one feedback loop. The two-stage
operational amplifier with p-channel input is used in this
new proposed bandgap reference.

The new proposed bandgap reference is shown in Fig. 2,
which uses the resistive subdivision R;,, Rjp, Ry, and Ry, to
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reduce the input common-mode voltage of the amplifier.
The dimensions of PMOS devices M, and M, are the same.
The resistance of R, and R,, is the same, and the resistance
of Ry, and Ry, is the same. Following the KCL at the nodes
of V; and V, in Fig. 2, the reference voltage can be
expressed as

R
Vieer = —1b|:{R4
R, +R,

Ry, * R.R, AV
=By | e | Tl 2
R, +R, |: o [Rlu +R, ) R @

R R AV,
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where AV,, =V, —Vys . The term of Vi oy in (2)

should be noted that its representation is identical to the
conventional reference voltage in (1), but the actual value is
not exactly the same as the conventional one, since the term

of [%}AVJ is still a temperature dependent factor.
1o TRy, 3

The minimum supply voltage of the new proposed bandgap
reference is reduced effectively as

VDD(Min) = Ve + |VTP| + 2|VD

. 3)

The new proposed bandgap reference can be operated near
sub-1-V supply voltage.
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4. CIRCUIT IMPLEMENTATION

The whole complete circuit to realize the proposed
sub-1-V bandgap reference is shown in Fig. 3. The circuit
is composed of a bias circuit, a bandgap core, two startup
circuits, and a two-stage operational amplifier. The bandgap
reference circuit has two stable points. To ensure that it
ends up to the correct state, a startup circuit must be added.
There should be a startup circuit for the bias circuit to avoid
the bias circuit working in zero-current state. The startup

Startup Circuit for Bias Circuit Bias Circuit
<
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Bandgap Core

circuit for the bias circuit of the proposed bandgap
reference is formed by Mg;;~Mgs,. Similarly, another
startup circuit is used to ensure that the input voltage of the
amplifier is not kept at zero in the initial state. The
capacitors C; and C, are used to stabilize the circuit. The
bulk and the source of the input pair transistors My, and
Ma; in the amplifier should be connected together to make
the threshold voltage lower without the body effect.
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Fig. 2. The new proposed bandgap reference circuit.

Another important factor of the bandgap reference is the
power noise rejection ratio (PSRR) [8], which represents
the resistance against the noise from the supply voltage in
the unit of decibel (dB). The small signal model of the
proposed bandgap reference with a p-channel input
operational amplifier is shown in Fig. 4. The resistance
R, and R, in Fig. 4 are R, +(R,/R,) and
R, +(R,, //R,) , respectively. The capacitor C is the

parasitic drain-to-bulk junction capacitance of M,. Since
the turn-on resistances of the PNP transistors are small,
both Q; and Q, can be considered as short-circuit to the
ground.
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Fig. 3. Complete schematic of the new proposed bandgap reference.
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The amplifier is modeled with an output resistor R,
and two voltage-controlled current sources i4 and i4q, driven
by the differential input voltage vy, and power supply
voltage vq4, respectively. The ratio of the output reference
voltage and the noise from the supply voltage can be
expressed as

Vieer (5) _ 1
7 4)

DD(Noise) (s) sCr, + ’”072 +1

4
The PSRR of the proposed bandgap reference will
become worse at high frequency. It is apparent that
changing the capacitance at Vrgr node can shift the pole
location. Moving the pole to the left in the s-plane will
result in an improvement in high frequency noise rejection.
This can be achieved by inserting a capacitance C, to
ground at Vygrnode. Thus, (4) is changed to (5) as below

Vier (5) _ 1
VDD(N(;ixe) (s) s(C+ Cp)r02 " 22 +1

4
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A larger C, provides better stability, but the startup time
will be longer.
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Fig. 4. Small signal model of the proposed bandgap
reference.

5. EXPERIMENTAL RESULTS

5.1. Simulation

The proposed bandgap reference has been simulated by
varying its operating temperature from 0 to 100 °C. The
power supply voltage was set from 0.8 to 1.2 V. The
simulated results are shown in Fig. 5. The temperature
coefficient is around 75 ppm/°C with the supply voltage at
0.85 V. With the supply voltage at 0.8 V, the temperature
coefficient grows sharply to be above 200 ppm/°C. Fig. 6
shows the output reference voltage with the supply voltage
varied from 0 to 1.5 V. The curves of output reference
voltages under 0 °C, 25 °C and 100 °C grow together while
the supply voltage of the proposed bandgap reference is at

0.85 V. Fig. 7 shows the PSRR with different C, at 0 pF, 0.1
pF, 0.2 pF, and 0.5 pF. The PSRR at low frequency of the
proposed bandgap reference, which works in low supply
voltage at 0.85 V, is -30.2 dB. When the temperature grows
to 100 °C, the PSRR will decrease at high temperature.
Moving the pole to the left in the s-plane can result in an
improvement in high frequency noise rejection.
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Fig. 5. Simulated referencéw\;'c.)ifage of the proposed
bandgap reference with different supply voltages.
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Fig. 7. Simulated PSRR of the proposéd bandgap reference
with different capacitances of C,,.

5.2. Silicon Verification

The proposed bandgap reference has been fabricated in a
0.25 pm single-ploy-five-metal (1P5SM) CMOS technology.
The proposed bandgap reference consists of the bandgap
core, bipolar transistors, and resistors. Fig. 8 shows the
overall die photo of the new sub-1-V bandgap reference.
The occupied silicon area of the new proposed bandgap
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reference is only 177um x 106um. The bandgap reference
has been measured by varying its operating temperature
from -10 to 120 °C. The power supply voltage was set from
0.8 to 1.2 V. The measured results are shown in Fig. 9. The
temperature coefficient is around 58.1 ppm/°C with the
supply voltage at 0.85 V. The experimental results in Fig. 10
have confirmed that the minimum supply voltage for the
sub-1-V bandgap reference is 0.85 V. The measured power
noise rejection ratio is -33.2 dB at 10 kHz, and output
reference voltage is 238.2 mV under the VDD power supply
of 0.85 V.

Fig. 8. Die photo of the new proposed bandgap reference.
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Fig. 9. Dependence of output reference voltage on the

temperature under different VDD voltage levels.
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Fig. 10. Dependence of output reference voltage on the
VDD supply voltage under different temperatures.
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6. CONCLUSION

A CMOS bandgap voltage reference with Vggr of 238.2
mV and temperature coefficient of 58.1 ppm/°C, which
consumes a maximum current of 28 puA at 0.85 V supply,
has been presented. The sub-1-V operation of the bandgap
reference has been successfully achieved in this work
without using the low-threshold-voltage devices. Moreover,
other techniques to achieve sub-1-V operation, such as low
voltage startup circuit and the lower common-mode input
range of the amplifier by resistive subdivision, have been
described. Without using low-threshold-voltage device, the
proposed bandgap reference circuit can be implemented in
general CMOS technology.
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