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Abstract—This paper presents a low power bandgap reference
generator with 193-mV output voltage. The nominal supply
voltage is 0.8 V, but the circuit can work with a supply down to
0.65 V. The circuit has been fabricated with a standard 0.18 µm
CMOS technology and achieves a temperature coefficient of
43 ppm/◦ C for temperatures ranging from 0 to 120◦ C. A sampleddata amplifier consuming 140 nA and a reversed currentmode bandgap scheme draining 350 nA enable the achieved
performance.

I.

Introduction

Along with the rapid development of modern communication systems and consumer products, the market demand
for battery-operated circuits has been increased. Circuits for
mobile electronics require ultra-low power consumption and
need to work with a very-low supply voltage. It would be
optimal to use a supply voltage on the order of 0.5 - 0.6 V
because this is the voltage range at the output of a single solar
cell [1]. Digital circuits can work with such low voltages,
since their required supply voltage is just a bit more than
the threshold of an n-channel or a p-channel transistor. On
the contrary, conventional analog blocks such as amplifiers
and reference circuits need higher supply voltage due to the
required overheads at the output stage and the necessary output
swing.
Voltage references are one of the critical building blocks
of many systems on chip (SoCs) and mixed-signal integrated
circuits (ICs) such as data converters and voltage regulators as
they constitute a stable reference voltage for other sub-circuits
to generate predictable and repeatable results. However, the
technology scaling and the demand for low power applications
lead to lower supply voltage, which makes traditional bandgap
reference (BGR) architectures no more suitable. Indeed, when
the temperature effects have been canceled, the value of the
reference voltage for traditional BGRs is approximately equal
to the extrapolated bandgap voltage of silicon at 0 K, 1.205 V.
Different approaches have been proposed to overcome this
problem. One of them uses the resistive subdivision method
that allows scaling down the reference voltage [2] in the output
branch. This circuits are referred to as current-mode references
since they generate a temperature-independent current, which
is then mirrored to an output resistor to create a sub-1V output
voltage. Another solution consists of implementing the reverse
bandgap voltage principle (RBVP), as described in [3], [4],
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which adds a thermal voltage (VT ) to an attenuated base-toemitter voltage (VBE ) instead of adding a VBE to a scaled
VT . The problem of these circuits is the need of high gain
NPN or PNP devices which are mostly unavailable in standard
CMOS processes. There is also a range of solutions that use
different and low threshold MOS devices to meet low power
and supply voltage requirements. However, these solutions are
prone to large output voltage spread at process corners, since
the threshold of MOS transistors are typically poorly controlled
in the fabrication process.
Increasing requirements for reference generators working
with very low supply voltage and very low power should be
satisfied by new circuit solutions using standard technologies.
This work focuses on the design of a bandgap voltage generator. This solution uses a current mode scheme with PMOS
transistors in deep sub-threshold region. The circuit, implemented with a standard 0.18-µm CMOS technology, achieves
a temperature coefficient (TC) of 43 ppm/◦ C in the temperature
range 0 − 120◦ C and consumes 390 nW. The nominal supply
voltage is 0.8 V, but the circuit operates properly down to
0.65 V.
II.

Proposed Bandgap Voltage Reference

Fig. 1 shows the schematic diagram of the circuit. The
conventional current mode bandgap [2] is reversed so that the
reference voltage is generated across the output resistors ROUT .
Transistors MP1 and MP2 operate in the sub-threshold region
to provide the diode-like voltage-current response, as required
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to give rise to PTAT and CTAT currents. An LDO, consisting
of the transistor MLDO and its control circuitry, generates the
voltage V x . The loop equates the two output voltages, VO1
and VO2 . The operation of the LDO incorporates the startup function. The direct transformation of PTAT and CTAT
currents into voltage with a reversed architecture avoids the
use of current mirrors, often source of inaccuracy, [5]. The
output voltage of the current mode bandgap, given by
VO1

"
#
ROUT
R1
VGS 1 + nVT ln (N)
=
R1
R0

(1)

also Fig. 1), controlled by ΦS , provides the output. The DC
gain of the SDA is
A0 =

When the signal band is small, like in the case of a bandgap
circuit, it can be convenient to use sampled-data operation. In
this case, the sampled data technique is utilized at the op-amp
level. It results in the output voltage of the op-amp changing in
a discrete manner under the control of a clock with a frequency
higher than the frequency of the system. However, since the
proposed voltage reference circuit is a continuous system, it is
not setting an operation frequency limitation for the op-amp.
The sampled-data amplifier (SDA) of Fig. 2 can operate
with low input common mode, provides a low output voltage
level for low VDD , and performs auto-zero. The single ended
scheme uses a bias current (IIN ) of 100 nA. There are three
phases of operation: during ΦA , the input transistor MIN is
diode connected while the top plate of the auto-zero capacitor
C1 is charged to VO1 . The duration of the amplification phase,
ΦD , is half of the clock period, T . The signal current, id ,
added to the quiescent current IQ and mirrored to charge the
capacitor C2 (which is discharged to during ΦA ) for the fixed
time set by ΦD . The bias current IQ determines the quiescent
discharge voltage. The switched capacitor output structure (see

116

(2)

where n is the sub threshold slope factor. Trade offs of this
design lead to C2 = 0.15 pF and T = 20 µs. It results in a
DC gain A0 of 41 dB. The quiescent output voltage of the
amplifier is equal to
VQ = VDD −

where N = 16 and R1 /R0 = 3.6, is first order temperature
independent.
A. Sampled-Data Amplifier

IIN T
2nVT C2

IQ T
2C2

(3)

For the current design, VA quiescent is set to 410 mV with
IQ = 5 nA and, if desired, it can easily be fine-tuned using the
ΦD duration. The minimum of the output voltage VA depends
on the operation in the triode region of MN10 .
The quiescent output voltage, VQ , of the sampled-data
amplifier has a negative temperature dependency. This means
that the quiescent discharging current, IQ , is increasing with
the temperature. This is an expected result due to the threshold
voltage variation of PMOS transistors used in the current
mirror that provides the circuit bias current. It is, indeed, well
known that the transistor threshold voltage decreases with a
temperature increase. By using a CTAT current to bias the
amplifier along with choosing its quiescent output voltage
equal to the nominal VGS of MLDO reduces the input error
voltage magnitude due to the temperature dependence of the
amplifier output voltage.
B. CTAT Generator
In the proposed voltage reference topology, the approach
consists in biasing the sampled-data amplifier with a CTAT
current in order to compensate for the temperature dependency
of the SDA quiescent output voltage controlling MLDO . Fig. 2

includes the CTAT generator designed for this purpose. It is
an improved version of the CTAT scheme described in [6].
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In the circuit, a CTAT current is generated on R3 exploiting
the gate-to-source voltage of transistor MN3 . MP4 , MN4 and
RNL compensate for the high temperature nonlinearity of the
generated CTAT current. Resistor R4 is added to have the same
biasing conditions for MN3 and MN4 . The absolute value of
the CTAT current can be adjusted through the resistor R3 , as
follows:
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The nominal bias current is 12 nA at room temperature. The
simulated CTAT temperature coefficient is −37 %/◦ C in the
temperature range from 0◦ C to 120◦ C.
C. Supply Voltage Limit
The minimum supply voltage depends on the required
output level and a number of practical limits. By inspection of
Fig. 1, it results that:
VDD = VO2 + VGS ,MP1 + VDS ,MLDO

(5)

In our design, an output voltage of 200 mV, 300 mV
across the PMOS diode, and a voltage drop as low as 100
mV across MLDO lead to a supply voltage down to 0.6 V.
This, however, it is not the only constraint in the circuit.
The condition (VDD − VCT RL ) > Vth,n + Vov (Vov being the
overdrive voltage) has to be satisfied for transistor MN0 in
Fig. 1 and a similar relation can be written for MLDO as well.
Moreover, switching-on of transistors MN5 and MN6 in Fig. 2
requires (VDD − VO1,O2 ) > Vth,n + Vov . The last condition is
the dominant for determining the minimum supply voltage.
In the used technology, the thresholds of the P-channel and
the N-channel transistors are −0.45 V and 0.4 V, respectively.
With an overdrive voltage of 50 mV, the minimum supply
voltage is, hence, 0.65 V. However, this value increases for low
temperatures as the transistors threshold voltage also increases.
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III.

Experimental Results

This bandgap voltage reference has been fabricated in a
standard 0.18 µm CMOS technology with 6 metal 2 poly
layers. The clock frequency is 50 kHz and the auto-zero phase,
ΦA , period is set to 25% of the clock period.
Measurements with the chip temperature controlled by
the Thermo-Stream T-2800 give rise to the waveforms of
Fig. 3 in which the measured output voltage as a function
of temperature for different supply voltages is provided. In
the range from 0◦ C to 120◦ C, the achieved TC is 43 ppm/◦ C.
The same performance holds for the nominal supply voltage
and for lower supply voltages. Simulation results, also given
in Fig. 3, for the same operating conditions show a good
match with experimental results. However, for low supply and
low temperature, the loop control does not work properly: the
required value of VA becomes very low because the threshold
voltage of MLDO is higher than the value of the performed
statistical simulations at low temperatures.
Fig. 4 shows the measured power supply rejection (PSR)
at the nominal supply voltage. The output is filtered with a
6 pF capacitor. The PSR is −50 dB at 100 Hz and −36 dB at
10 MHz.
Fig. 5 plots the supply current as a function of the
temperature when the supply voltage is 0.8 V. Thanks to the
CTAT biasing of the control circuit, it changes only by 2%
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Performance comparison with sub-1V bandgap references
implemented in standard CMOS technologies.
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and achieving a temperature coefficient of 43 ppm/◦ C in the
temperature range 0 − 120 ◦ C. The minimum supply voltage
level is limited at low temperatures by the threshold voltage of
the used transistors. This design, implemented with a standard
0.18 µm CMOS technology without any special process step,
is able to operate properly over the 0 − 120 ◦ C range with
VDD =0.8 V. Lower supply voltages limit the temperature range
because of the increased Vth .
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over the entire temperature range. The average value of the
supply current is 491.8 nA. At room temperature, the supply
current is about 490 nA, thus bringing the power consumption
to 390 nW.
Fig. 6 gives the distribution of the output voltage level for
the 20 available samples without any device trimming or phase
duty cycle calibration. Measurements have been collected at
room temperature, with a supply voltage equal to 0.8 V and a
duty cycle of ΦD equal to 50 %. The mean value is 192.96 mV
while the standard deviation is 0.53 mV. The 3σ inaccuracy is
0.8 %. This is due to chip-to-chip mismatches; calibration of
the duty cycle of ΦD can reduce the inaccuracy to less than
0.1 %.
Fig. 7 shows the chip microphotograph with main circuit
blocks highlighted. The active area, dominated by the resistors
used in the CTAT current generator, is 450 × 430 µm2 .
The performance summary of the designed circuit and
its comparison with other sub-1V voltage reference circuits
reported in the open literature is given in Table I. The
comparison shows that the voltage reference proposed in this
paper achieves a reference voltage with temperature coefficient
comparable with existing solutions published values. The measured power consumption is well below 0.5 µW and, more
importantly, the circuit is able to operate at 0.8 V despite the
use of transistors with relatively high threshold voltage.
IV.

Conclusion

This work demonstrated a new low power bandgap generator capable of operating with very low supply voltage
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