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A B S T R A C T

In this paper a low complexity, sub-1V, reference voltage generator with low voltage sensitivity over PVT vari-
ation and high power supply rejection ratio (PSRR) is proposed. It consists of a traditional bandgap reference core
where resistors are used for generating both the PTAT and CTAT currents, which are then added forming a
temperature-independent current. A new 1 V modified folded cascode operational amplifier is proposed and used
in the main bandgap’s loop resulting in low offset, high loop gain and adequate loop phase margin of 58.9�. The
loop consists of only two inverting stages and the circuit can be integrated entirely without the need of external
large capacitors for frequency compensation. A regulated cascode current source is employed for accurately
mirroring of the core temperature-independent current to a resistive load, where the reference voltage is
generated. The proposed circuit was simulated in SPECTRE achieving an output reference voltage variation of
3.62%, without trimming, over process variation corners with �10% variation of the 1 V power supply voltage
and within the industrial temperature range, from �40 �C to 125 �C. The temperature coefficient from �40 �C to
125 �C is 6.81 ppm/�C at 1 V at the typical process corner. The PSRR at 1 Hz and the output RMS noise within a
bandwidth of 100MHz are �69.85 dB and 279 μV RMS, respectively, at the typical process corner, at a supply
voltage of 1 V and temperature of 27 �C. Typical power consumption is 452 μA at 1 V.
1. Introduction

Reference voltage generators are fundamental analog circuits
included in most analog, digital and mixed signal systems on chip (SoCs)
in applications such as mobile, radar, biomedical, automotive, consumer
and others. They are employed to provide a stable bias operation point to
other blocks such as operational amplifiers, analog to digital converters,
digital to analog converters, flash memories, regulators, clock and data
recovery circuits, phase-locked loops, etc.. Thus, the reference voltage
generators directly impact the performance of all of them in terms of
accuracy and noise [1,31].

The main requirements for a voltage reference generator are: low
sensitivity of the output voltage on temperature, supply and process
variations; low noise, wide temperature range of operation, high accu-
racy, stability, high PSRR, small die area and low power consumption. In
addition, over the past decade technology downscaling has been pushing
for low supply-voltage circuit architectures operating at 1 V or below.

In conventional CMOS 1 V voltage reference architectures, parasitic
bipolar PNP transistors’ base-emitter voltage and thermal voltage are
transformed to currents, which are added to generate a stable-over-
temperature current, which is converted to a reference voltage on a
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resistor [2]. Banba’s sub-1V design approach [2] paved the way for
current-mode voltage-reference designs, using either bipolar devices
[3–14] or CMOS devices in the subthreshold regime [15–23], for refer-
ence voltage generation. This approach suffers from the bipolar transis-
tor’s base-emitter voltage non-linear temperature dependence, the offset
error of the core operational transconductance amplifier (OTA), the error
of the mirroring of the temperature-constant current generated and the
higher order non-linearity over temperature of the resistor converting the
temperature-constant current to voltage.

The bipolar transistor’s base-emitter voltage non-linear temperature
dependence can be reduced by applying curvature compensation tech-
niques [3], which requires additional resistors and thus higher power
consumption and larger area. There is also room for improvement and
discussion concerning the mirroring of the temperature-constant current
to the output resistor since a current mirror contributes to the voltage
reference inaccuracy [4,5]. In Refs. [6,7], 1 V supply bandgap reference
(BGR) circuits designed in BiCMOS processes are reported demonstrating
low temperature coefficients of 20 ppm/�C and 11 ppm/�C, respectively,
in the temperature range of �40 �C to 125 �C. In Ref. [14], the
proportional-to-absolute-temperature (PTAT) and the
complementary-to-absolute-temperature (CTAT) currents are produced
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using vertical PNP bipolar transistors and the PMOS current mirrors are
biased in the subthreshold regime to allow operation with 1 V supply.

In Ref. [24], the threshold voltages of NMOS and PMOS operating in
saturation are used to form a temperature-insensitive reference voltage
which makes this design approach sensitive to process variations [25]. In
Refs. [26–28] CMOS devices operating in weak inversion are employed
for the generation of PTAT and CTAT voltages by appropriately adding
linear functions of the gate-source voltages. In Refs. [29,30], a pico-watt
voltage reference circuit is proposed for low power applications, such as
biomedical implantable sensing systems, with a temperature coefficient
of 16.9 ppm/�C. In Ref. [30], circuit techniques for the design of BiCMOS
voltage references are discussed in detail.

In Refs. [15–23], PTAT current is generated by subtracting the
gate-source voltages of two differently sized CMOS devices, biased in the
subthreshold region, and applying the difference on a resistor. CTAT
current is formed via a CMOS device gate-source voltage which is also
applied on a resistor. The addition of the PTAT and the CTAT currents
forms a relatively temperature-independent reference current or voltage
via a resistor. This approach however results in limited accuracy over a
wide temperature range due to the fact that CMOS devices have higher
non-linearity (with respect to temperature) compared to bipolar ones. In
Refs. [15–17], the threshold-voltage temperature dependence is used for
gate-source CTAT voltage generation, resulting in relatively low linearity
with respect to temperature.

In Refs. [22,23], fully CMOS, low-voltage, low-power voltage refer-
ences are reported operating in the weak inversion regime, without bi-
polar devices or diodes, covering a wide temperature range of 180 �C and
190 �C, respectively. Furthermore, a series combination of high Ohmic
and medium Ohmic resistors are used in the PTAT and CTAT current
generation loops so that high-order curvature compensation is applied.
Despite its advantages, this approach results in high line-sensitivity
(6.19%) while resistors’ trimming is required for a good performance
at the typical corner.

In Refs. [12,13], low-voltage, ultra-low-power voltage references are
presented exhibiting a temperature coefficient of 58 ppm/�C, after
trimming, in a temperature range of 110 �C; and, 28 ppm/�C with cur-
vature compensation in a range of 165 �C, respectively. In Refs. [19–21,
28], subthreshold low-power voltage references are shown with sub-1V
operation and temperature coefficients higher than 12.8 ppm/�C, in a
temperature range of less than 125 �C. In Refs. [15,18,26,27],
low-power, subthreshold voltage references at sub-1V and 1 V supply
voltages are reported. They achieve temperature coefficients of
135 ppm/�C, 19 ppm/�C, 105.4 ppm/�C and 18.5 ppm/�C, respectively,
in a temperature range of less than 165 �C.

In Refs. [4,8], an effort was made to decrease the required number of
high Ohmic voltage reference resistors using OTA while achieving
acceptable accuracy at a supply voltage of 0.9 V. In Ref. [8], the voltage
reference performance is measured only from 0 �C to 125 �C. In Ref. [4],
the temperature range of acceptable performance, with process and
supply voltage variation, is 161 �C; however, two external RC networks
are needed to ensure the stability of the circuit’s two loops with two
25 pF capacitors. In Ref. [9], the voltage reference proposed in Ref. [4]
was adopted and was redesigned in a different CMOS process at 1.2 V
with a useful temperature range of 165 �C. It achieved a simulated overall
output reference voltage variation of 2.4% over PVT, thus a 4.2%
improvement in accuracy compared to the original design.

In Ref. [10], a low-power curvature-corrected CMOS bandgap voltage
reference is presented demonstrating a low temperature coefficient of
5.5 ppm/�C from�40 �C to 125 �C with a PSRR of�38.9 dB at 1 KHz and
with supply voltage of 1.8 V, using bipolar devices. In Ref. [11], a sub-1V
voltage reference is proposed where the PTAT voltage is generated in a
traditional BGR core with bipolar devices and its multiplication is done
by a self-clocked switched capacitor network. It can operate from �50 �C
to 150 �C with a temperature coefficient of 41 ppm/0C. Finally, in
Ref. [5], a sub-1V voltage reference is presented based on the sampled
reverse bandgap principle and the achieved temperature coefficient is
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40 ppm/0C from �20 �C to 85 �C.
This paper presents the design of a low-complexity sub-1V CMOS

reference voltage generator, with low output reference voltage sensitivity
over PVT across a temperature range of 165 �C, high PSRR and moderate
power consumption. The use of external capacitors for filtering or sta-
bility, large resistors and trimming requirement is avoided. So, it can be
fully co-integrated with high frequency PLLs, in sub-1V processes, for
transceiver applications where the BGR current consumption is not the
system’s bottleneck. A new sub-1V modified folded cascode operational
amplifier is imbedded in the conventional bandgap loop which ensures
low offset, high loop gain and sufficient loop phase margin. Finally, a
regulated cascode current source is also used for the precise mirroring of
the bandgap’s reference core temperature-independent current to a
resistive load.

2. Design

The proposed sub-1V voltage reference generator is shown in Fig. 1. It
consists of a variation of Banda’s [1,2] bandgap core where a PTAT
current is generated via Q1, Q2 and R1. VEB of Q2 is applied on R2 and R3
(R2¼ R3) by the operational amplifier OA1 along with MP4 and MP5
completing the loop. This generates the CTAT current. The PTAT and
CTAT currents are added forming a temperature-constant current which
flows through MP4 and MP5, and, it is replicated via MP3 on R4 to
generate Vref.

A simple current mirror would probably fail to replicate accurately
the temperature-constant current when the supply voltage is 0.9 V and
the temperature is low, e.g. �40 �C, because at low temperatures VEB of
Q2 rises even to 800mV, leaving no more than 100mV headroom for the
current mirror. E.g., if the current mirror was realized using a single
MOSFET with 60mV saturation voltage, the VDS margin left before
entering the triode region would be limited to 40mV; this would reduce
the mirror’s output resistance which would limit the current mirroring
quality and worsen the PSRR.

Furthermore, 1 V MOSFET devices exhibit wider spread of their pa-
rameters (gm, VTH, etc.), over process variation and mismatch, compared
to 1.2 V ones, due to their thinner structure. Under these conditions, the
error of the reference voltage due to the well-known non-linearity of the
VEB of Q2 is less important than that of the current mirror. For these
reasons, the design of a sub-1V reference voltage generator using 1 V
MOSFET devices can be tedious and demanding. To improve the sub-1V
performance of the bandgap and reduce the current mirror’s error, a
regulated cascode current source is used, as shown in Fig. 1, composed of
the operational amplifier OA2, and MP6, MP3 and MP4.

The loops with the two operational amplifiers enforce the same drain-
source voltage to MP3, MP4 and MP5, under all conditions, significantly
improving the current mirroring accuracy, especially at low supply
voltages and low temperatures. Furthermore, OA2 regulates the gate
voltage of MP6, providing a very high output impedance, thus high
PSRR. Capacitors C4 and C5 provide adequate PSRR at higher fre-
quencies. Capacitor C5 also helps during start-up to obtain smooth
transition of the bandgap’s core bias currents without ringing. Resistor
R6 in series with capacitor C3 provides the frequency compensation of
the feedback loop.

In our implementation, all PMOS devices are identical and R2¼ R3.
Therefore the output reference voltage Vref can be expressed as

Vref ¼ VT ⋅ R4
R1

⋅ ln
�

AQ1
AQ2

�
þ R4

R3
⋅ VEBðQ2Þ where AQ1 and AQ2 are the

Emitter sizes of Q1 and Q2, respectively [1]. It was selected that
AQ1 = AQ2 ¼ 24 and by appropriately choosing the ratios R4 =R1 and
R4 =R3 the output reference voltage is set to 290mV so that MP3 can
be properly stacked up with MP6 and resistor R4.

The start-up circuit is formed of NM1 and CMOS inverter INV1. The
constant current is mirrored via MP1 to R5 to generate a 500mV voltage
and to drive INV1 since the typical NMOS threshold voltage is about
280mV. Finally, MP2 is used for the biasing of the operational amplifier



Fig. 1. The proposed sub-1V CMOS reference voltage generator.

Fig. 2. The proposed 1 V, modified folded cascode operational amplifier with an output buffer stage (OA1).

Fig. 3. The two-stages operational amplifier (OA2) used in the regulated cas-
code current source.
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OA2.
The proposed 1 V, modified folded cascode operational amplifier with

output buffer stage (OA1) is shown in Fig. 2. It has a single gain stage, the
folded cascode one, and along with the common source amplifier MP4 in
Fig. 1, it forms a two-stage loop which can be frequency compensated
using a relatively small capacitor achieving adequate gain and phase
margin over PVT variation. If a two stage topology had been selected for
OA1 instead, frequency compensation would have been more chal-
lenging and it would probably require significantly larger compensation
capacitors for similar stability performance. OA1 is biased through the
current mirror formed by M29-M32, and not via the PMOS devices of the
bandgap’s core, so that it has available its full gain during the start-up
period.

The proposed architecture extends the traditional folded cascode
structure, consisting of NM12, NM13, M23-M26 andM14-M17, by adding
the extra pair of M21-M22 which forms a DC level shifter. This enables
setting the voltage at the drain of M25 so that M23 and M25 remain in
saturation over PVT variation. This would have not been possible without
the level shifter, i.e. for the traditional low voltage cascode where the gate
of M23 is connected directly to the drain of M25, especially for supply
voltage of 0.9 V and low temperature e.g. �40 �C. Consequently, if M22
was not included in the design then the gate-source voltage of M23 would
have set the drain voltage of M25 to a higher level, putting at risk the
operation of M25 in the saturation regime, especially in process corners at
94
supply voltage of 0.9 V and at low temperatures, e.g. �40 �C.
When the gate bias voltage of the cascode devices M25-M26 is

increased by increasing the W/L ratio of M20, the drain-source voltage of
M23-M24 is decreased, reducing the folded cascode stage’s output
impedance and its gain; yet adequate headroom is left for M25 to avoid



Fig. 4. Output voltage of the proposed Sub-1V CMOS reference voltage generator over the extended temperature range from �50 �C to 150 �C, at the typical corner
and with supply voltage of 1 V.

Fig. 5. Output voltage over 32 process corners with 1 V supply voltage varying by �10% and temperature ranging within the entire industrial range from �40 �C
to 125 �C.

Fig. 6. Noise of the output reference voltage in μV ðRMSÞ = ffiffiffiffiffiffi
Hz

p
, for 1 V supply voltage and at room temperature.
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entering the triode regime. In the opposite case, where the gate bias
voltage of the cascode devices M25-M26 is decreased, the folded cascode
stage’s output impedance and gain are increased; however, less head-
room is available for M25, which may enter the triode regime at certain
corners and worsen the offset of the folded cascode stage. As it is typical
in sub-1V power supply design, the MOSFET devices are sized for mini-
mum drain-source saturation voltage and gate-source voltage close to the
threshold. This is also the case for NM12, NM13, M23-M26 and M14-
M17.

Capacitor C2 provides frequency compensation of the local loop
formed by M22, M23 and M25. The local loop unity gain frequency
should be higher than the unity gain frequency of the operational
amplifier. Capacitor C1 is used for the frequency compensation of the
modified folded cascode structure in Fig. 1.
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Finally, M28 is biased via M27 and provides a DC level shift-up of the
OA1 output close to the half of the rail. This ensures the operation of
M24-M26 in saturation, resulting in high output impedance of the cas-
code stage and high gain for OA1. High gain is important under all PVT
conditions to achieve acceptable bandgap performance especially at low
supply voltage of 0.9 V.

The two-stage operational amplifier (OA2) used in the regulated
cascode current source is shown in Fig. 3. C6 and R1 are used for the
frequency compensation of the entire loop, formed by OA2, MP6 and the
load R4. This loop consists of only two inverting stages and a common
drain stage thus the Miller frequency compensation technique can be
easily applied.



Fig. 7. Phase and gain of the proposed operational amplifier OA1.

Fig. 8. Phase and gain of the bandgap’s main loop formed by OA1 and MP4 loaded with ðR1 þ reÞ==R2.
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3. Simulations results

Fig. 4 shows the output voltage, Vref, over the extended industrial
temperature range, from�50 �C to 150 �C, at the typical corner and with
supply voltage of 1 V. The temperature coefficient within the standard
industrial temperature range, from �40 �C to 125 �C, is 6.81 ppm/�C.

Fig. 5 shows Vref simulated over 32 process corners, with 1 V supply
voltage varying by �10% and temperature varying within the industrial
range from�40 �C to 125 �C. It can be seen that the total variation of Vref
is 3.62% without any trimming. Monte Carlo simulation results are
shown in Figs. 12 and 13 for room temperature of 27 �C and for supply
voltages of 1 V and 0.9 V, respectively.
Fig. 9. Phase and gain of the bandgap’s second loop
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Fig. 6 shows the noise of the output reference voltage in
μV ðRMSÞ = ffiffiffiffiffiffi

Hz
p

, for 1 V supply voltage and at room temperature. The
RMS noise power at the bandwidth of 1 Hz to 100MHz is 279 μV RMS.

Fig. 7 shows the phase and the gain of the proposed operational
amplifier OA1. The DC gain is about 51 dB, the phase margin is 77� (at
1.39MHz) and the gain margin equals 18.72 dB (at 8.36MHz) when OA1
is loaded with a capacitive load of C3//C5, all at the typical process
corner.

The phase and the gain of the bandgap’s core main loop, formed by
OA1 and MP4 which is loaded with ðR1 þ reÞ==R2, are shown in Fig. 8.
The phase margin is 58.94� and the gain margin is 13.74 dB. Fig. 9 shows
the phase and gain of the bandgap’s second loop, formed by OA2 and
, formed by OA2 and MP6 loaded with R4 ==C4.



Fig. 10. PSRR of the output voltage for 1 V supply and at room temperature.

Fig. 11. Line sensitivity of the proposed voltage reference at 27 �C, �40 �C and 120 �C.

Fig. 12. Monte Carlo simulation results at 27 �C at the supply voltage of 1 V.
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MP6 loaded with R4 ==C4. The phase margin is 89.39� and the gain
margin is 41.51 dB.

Fig. 10 shows the PSRR of the output voltage. At 1 Hz the PSRR is
�69.85 dB. An external shunt capacitor would raise PSRR at high fre-
quencies drastically and reduce the RMS noise, e.g., for a 10 nF capacitor
the PSRR is �55.1 dB at 1MHz and the RMS noise drops to 17.96 μV
from 1Hz to 100MHz. For a 15 nF (C4¼CL) capacitor, PSRR is also shown
in Fig. 10. The line sensitivity of the output is depicted in Fig. 11, where
the supply voltage varies from 0.9 V to 1.1 V, and it equals 0.03% at
97
27 �C, 0.056% at �40 �C and 0.064% at 120 �C.
Table 1 summarizes the overall SPECTRE simulated performance of

the proposed sub-1V CMOS reference voltage generator. Table 2 com-
pares it with the performance of other works in the literature.

From Table 2 it can be seen that the proposed topology has compa-
rable temperature coefficient with that in Ref. [17], yet in Ref. [17] the
temperature range is limited to 80 �C. The proposed topology exhibits the
second best temperature coefficient, after that in Ref. [9], both operating
within a temperature range of 165 �C. The proposed work however can



Fig. 13. Monte Carlo simulation results at 27 �C at the supply voltage of 0.9 V.

Table 1
Performance summary of the proposed sub-1V CMOS reference voltage
generator.

Schematic Simulations Results

CMOS Process Standard 90 nm
CMOS

Devices Standard 1 V
MOSFET

Nominal Supply Voltage (Vdd) 1 V
Power Consumption (μW) 452
Output Reference Voltage (mV) 288.52
Temperature Range (�C) �40 to 125
Temperature Coefficient, TC (ppm/�C) 6.81
PSRR at 1 Hz (dB) at 27 �C �69.85
Line Sensitivity at 27 �C 0.03%
Total reference voltage variation, ΔVref/Vref over 32 process
corners: supply voltage varies from 0.9 V to 1.1 V in the
temperature ranges from �40 �C to 125 �C

3.62%

3σ =Vref at 1 V at 27 �C 2.45%
3σ =Vref at 0.9 V at 27 �C 2.53%
Output reference voltage RMS Noise within the bandwidth 1 Hz
to 100MHz, at 27 �C (μV)

279
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operate with a minimum supply voltage of 0.9 V versus 1.08 V of that in
Ref. [9]. The presented work demonstrates a low temperature coefficient
of 6.93 ppm/�C within the extended range from �50 �C to 150 �C and
Table 2
Performance comparison of the proposed sub-1V CMOS reference voltage generator

Ref. Tech. Vdd,min (Volts) Vdd (Volts) TC (ppm/0C) ΔΤ (0C)

[2] 0.4 μm 0.84 2.2–4 – 27 to 125
[4] 90 nm CMOS 0.9 0.9–1.5 23.66 �40 to 12
[6] 0.5 μm BiCMOS 0.85b, 1c 1–5 14 �40 to 12
[7] 0.5 μm BiCMOS 1 1–5 11 �40 to 12
[9] 65 nm CMOS 1.08 1.08–1.32 2.42 �40 to 12
[12] 0.18 μm CMOS 0.5–0.9 0.5–0.9 33.3 �25 to 80
[13] 0.18 μm CMOS 0.55–1 0.55–1 29.2 �45 to 14
[14] 0.5 μm CMOS 0.95 3.3 17 �40 to 12
[15] 0.18 μm CMOS – 1–2.4 18.5 �45 to 90
[16] 90 nm CMOS 1 1.05–1.35 – �20 to 90
[17] 0.18 μm CMOS – 1–2.2 6.6 �10 to 70
[19] 0.18μm CMOS >0.65 >0.65 – 0 to 120
[20] 0.13 μm CMOS 1–3.3 1–3.3 48 �40 to 85
[21] 0.13 μm CMOS 0.6–1.8 0.6–1.8 7.90476 �25 to 80
[22] 0.18 μm CMOS 0.7–1.8 0.7–1.8 14.649 �32 to 12
[23] 0.18 μm CMOS 0.65–1.8 0.65–1.8 47.894 �60 to 13
This work 90 nm CMOS 0.9 0.9–1.1 6.81 �40 to 12

6.93 �50 to 15

a mu from Monte Carlo simulation.
b 0.85 @ 20 �C.
c 1 @ �40 �C.
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exhibits a PSRR at DC of �69.85 dB, which is better than that of [9].
Compared to Ref. [9] the proposed BGR attains an overall reference
voltage variation of 3.62%, over PVT, versus 2.4%, over PVT, of that in
Ref. [9]. In comparison with the work in Ref. [4], the proposed topology
achieves better reference voltage output accuracy over PVT, 3.62%
versus 6.6%, within the same supply voltage range, 0.9 V–1.1 V, and
within the same temperature range from �40 �C to 125 �C, while no
external components are used for stability or filtering.

4. Conclusions

In this paper a low complexity sub-1V CMOS reference voltage
generator circuit was presented achieving an overall output reference
voltage sensitivity of 3.62% over process, supply and temperature vari-
ation within a temperature range of 165 �C when the supply voltage
varies from 0.9 V to 1.1 V.

It has low output voltage sensitivity with a temperature coefficient of
6.81 ppm/�C, within the range from �40 �C to 125 �C, and, 6.93 ppm/�C
within the extended range from �50 �C to 150 �C. It exhibits a PSRR
equal to �69.85 dB at 1 Hz and moderate power consumption without
the requirement of external large capacitors for filtering or stability, large
resistors or trimming.
with others in the literature.

Idd/Pdc (μA)/(μW) PSRR (dB) LNR (%) 3σ =Vref (%) Area (mm)2

2.2 – – 2.9 0.1
5 208 �52.78 @ DC 0.74 2.64 0.066
5 20 – 0.0048 0.56 0.4
5 20 – – 1 0.4
5 155 �54 – 0.129 0.04

-/0.04 �62@100 Hz 0.059 2.28 0.058
0 -/0.083 �62@100 Hz 0.11 2.4 0.061
5 10 – – – 0.109

0.83 – 1 – 0.008
1.3 – – – –

160 – 0.16 – –

0.6/0.39 �52.5@100Hz – 0.81 0.08
1/- �44@100 Hz 0.19 – 0.02
0.622/0.373 �80@100 Hz 0.015 4.14 0.036

5 -/2.7 �28@l00 Hz – – 0.023
0 5.33/4 – 0.503a – 0.039
5 452 �69.85@1Hz 0.03 2.45@1 V –

0 2.5@0.9 V
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://do
i.org/10.1016/j.mejo.2019.05.023.
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