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A B S T R A C T

A high-accuracy voltage reference generator is proposed in this paper. It has been designed in a CMOS 65 nm
technology node, operating with a typical supply voltage of 1.2 V, which provides a reference voltage equal to
0.5 V. Measurement results of the fabricated chip show a reference voltage variation less than 0.04% over tem-
perature range from �40 to 125 �C and less than 0.9% over temperature and supply voltage corners. The proposed
design demonstrates a low noise output and good performance under mismatch. A current reference generator has
been included in the design to provide a constant reference current. The measured variation of the reference
current is about 1%.
1. Introduction

Analogue circuits are used in many electronic devices for several
applications, such as communications, biomedical electronics, portable
devices, computer systems and others. Analogue circuits however, are
sensitive in variations of the supply voltage, the bias current, the tem-
perature and the fabrication process. To reduce their sensitivity, a con-
stant voltage reference or a constant current reference is required to bias
the analogue circuits. A voltage reference generator produces a constant
voltage independent of the temperature and supply voltage [1]. Imple-
mentations of voltage reference generators, known as Bandgap Voltage
Reference (BGR) Generators, usually, were designed to generate a con-
stant voltage around 1.26 V at 27 �C (300 K). This value is compatible
with the silicon bandgap value [2,3] and it is suitable for BJT based
circuits. Also, the reference voltage of 1.27 V was used in the first gen-
eration of MOS based circuits operating with higher threshold and supply
voltage comparing with the modern circuits. As the constant reference
voltage was 1.26 V the required supply voltage was greater than 1.4 V in
order to achieve reasonable power supply rejection ratio (PSRR). How-
ever nowadays, these values of the supply and the reference voltages are
too high for the recent circuits designed for portable devices, which must
operate with much lower supply voltage. Therefore, the most recent
voltage reference generators, not only operate under lower supply
voltage but also, they generate lower reference voltage, as well. A typical
value for the reference voltage is around 0.5 V, close to the threshold
voltage of an NMOS transistor.
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Several topologies have been proposed for voltage reference gener-
ators. BiCMOS topologies were introduced in Refs. [4–6], however they
are rarely used in modern systems due to the high power consumption.
Other CMOS based voltage generators -adopt special design techniques,
such as the dynamic threshold MOS transistors (DTMOST) used in
Ref. [7]. In this, the transistors must be designed with separated wells
making the layout design large, prone to mismatches and requiring triple
well CMOS technology nodes. In Ref. [8], the proposed sub-1V voltage
reference generator uses native transistors, which require an extra mask
and therefore the fabrication process is more expensive. In addition, the
employment of native transistors may limit the porting ability to other
technology nodes. Furthermore, in Ref. [8], the required operational
amplifiers (OAs) operate with 2.1 V and thus, the advantage of the
sub-1V operation is totally vanished. The circuit reports operation from
0 to 125 �C.

Some 1 V topologies are designed based on transistors operating in
weak inversion region to reduce power consumption and to avoid the
employment of bipolar PNP devices [9–20]. These topologies, although
dissipate low power however, they offer operation in a relatively small
temperature range, in some cases up to only 80 �C. In Refs. [21] and [22],
low voltage, low power, topologies based on weak inversion operation
are reported. An internal, VDD charge-pump doubler and a clocked
switched-capacitor VBE divider are used. Thus, a buffer is needed to drive
high load currents, increasing the total power consumption. Reference
voltage generators based on weak-inversion transistor are more sensitive
in voltage variations or they are prone to instability requiring large
), svlassis@physics.upatras.gr (S. Vlassis).
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capacitors for compensation [23,24]. They may be suitable for extremely
low power consumption systems, but they may not be suitable when the
generated reference voltage drives a large load. Furthermore, most of
them operate in relatively low temperature range. Topologies based on
CMOS only transistors, with extended temperature range compared to
others, are presented in Refs. [25,26]. Circuits based on more conven-
tional topologies are proposed in Refs. [27–29]. Some of the topologies
require high gain [24] or rail-to-rail operational amplifiers [28], which
makes the design more complicated. A review for voltage reference
generators takes place in Ref. [30] and start up considerations are studied
in Ref. [31]. A study of the effect on the circuit operation under tem-
perature variations is given in Ref. [32]. The most important property of
the voltage references generators is the low dependency of the reference
voltage under process, voltage and temperature (PVT) variations. Two
other important properties are the stability and the driving capability.

A voltage reference generator is proposed in this paper, based on the
two operational amplifiers topology presented in Ref. [28]. The archi-
tecture has been optimized through a detailed theoretical analysis in
terms of performance, silicon area, and power consumption. Compared
with [28], the proposed circuit does not employ rail-to-rail operational
amplifiers, and thus, it is simpler in design and more compact in layout.
The bias current of the operational amplifiers is properly selected to
reduce the final output voltage variations. The proposed design does not
require any external large capacitor for filtering or stability and this is an
important improvement. During the theoretical analysis, small resistors
have been chosen, making the layout significantly smaller comparedwith
[28]. A current reference generator has been employed together with the
voltage reference generator whereas the noise performance is also
examined. Finally, the work from Ref. [28] reports only simulation re-
sults while we demonstrate the efficiency of the optimized architecture
by implementing and validating it. Measurement results show very good
agreement with simulation results, significant improvement in the per-
formance compared to [28], and the effectiveness and robustness
compared to other recent designs. In Sections 2 and 3 the proposed to-
pology is studied and in Section 4, measurement and simulation results of
the fabricated chip are provided. The conclusions are given in Section 5.

2. Circuit analysis of the proposed BGR

The electrical behavior of the semiconductor elements is significantly
affected by the wide temperature variation. When a constant voltage is
required, it can be generated by combing an electrical quantity with
positive temperature coefficient (TC) with an electrical quantity with
negative TC, as shown in Fig. 1. The first gives a Proportional-To-
Absolute-Temperature (PTAT) quantity and the second a
Complementary-To-Absolute-Temperature (CTAT) quantity.

The base-emitter voltage VBE of a bipolar transistor has a negative TC
about -2 mV/�C and the thermal voltage VT has a positive TC of
Fig. 1. Constant voltage generation by a PTAT and a CTAT voltage.
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0.085mV/�C. Assuming that VBE≫VT, the operation of the transistor is
given by the known approximate equation,

IC ¼ IS⋅e
VBE
VT (1)

where, IS is the reverse saturation current, VT¼ kT/q, k is the Boltzmann
constant, T is the absolute temperature and q is the electrical charge of an
electron.

The topology of the BGR is shown in Fig. 2. The Operational Amplifier
(opamp) OA1 biases properly the PMOS transistors M1 and M2 in order
that,

VA ¼ VB (2)

The voltages VA and VB are,

VA ¼ I1⋅R1 þ VBE1 (3)

VB ¼ VBE2 (4)

The emitter area of the transistor Q1 isN times greater than that of Q2.
Then from (1),

VBE1 ¼ VT ⋅lnðI1=N⋅ISÞ (5)

VBE2 ¼ VT ⋅lnðI2=ISÞ (6)

As the transistors M1 and M2 are biased by the same gate-source
voltage, they create the same drain current and therefore, I2 ¼ I1. The
difference of VBE for the same current of the two bipolar transistors can be
found by (5) and (6) as,

ΔVBE ¼ VBE2 � VBE1 ¼ VT ⋅lnðNÞ⇒ΔVBE ¼ lnðNÞ⋅k⋅T
q

(7)

From (2)–(4),

I1 ¼
VT ⋅

�
ln
�
I2
IS

�
� ln

�
I1

N⋅IS

��
R1

(8)

or

I1 ¼ VT ⋅lnðNÞ
R1

(9)

So, I1 (¼ I2) is a PTAT current, proportional to ΔVBE and it is created
by transistors M1, M2 and M3. Especially M3 makes a copy of I1 at the
output node Vref. It is obvious that the PTAT current depends on the
transistors' area ratio N of Q1 and Q2. The resistor R1 generates the dif-
ference in the emitter-base voltage between the two BJTs Q1 and Q2. The
CTAT current is generated by OA2 andM4. The current I3 is suitably set in
order that,

VC ¼ VB (10)

Since VB¼ VA,

VC ¼ I1⋅R1 þ VBE1 ¼ VBE2 ¼ I3⋅R2 (11)

From eq. (11) it is shown that I3¼ VBE2/R2 and as VBE is CTAT then I3
is CTAT. From (11) and (9),

I3 ¼ VT ⋅lnðNÞ
R2

þ VBE1

R2
(12)

Considering that VC must be close to VB and VA, without however the
existence of a VBE voltage, and for keeping R2 at low value for a small
layout, I3 must be greater than I1 by a factor of K. Summing propor-
tionally the currents I1 and I3 a constant current is produced. However,
the two currents are not equal and a gain factor must be applied to I1. The
total current must be temperature independent, meaning that,



Fig. 2. The circuit of the constant voltage reference and the constant current generator.

Fig. 3. The operational amplifier used in the voltage reference generator. Fig. 4. Microphotograph of the BGR.
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Fig. 5. Measurement results vs simulations over temperature and voltage variations a) voltage reference and b) current reference.

Table 1
Voltage reference generator and current reference performance.

Parameter Conditions Measurement

Technology TSMC 65 nm LP
VDD (V) Typical 1.2
Power (μA) Typical @ 1.2 V, 27 �C 184
Vref (mV) Typical @ 27 �C, 1.2 V 500.1
ΔVref (mV) Typical PV over ΔTa 499.9–500.1
ΔVref (mV) Typical P over ΔT & ΔVb 500.2–495.9
ΔVref (mV) PVT variationsc 502.82–490.8
ΔVref/Vref (%) Typical PV over ΔT 0.04
ΔVref/Vref (%) Typical P over ΔT & ΔV 0.86
ΔVref/Vref (%) PVT variationsc 2.40
Iref (μА) Typical @ 27 �C, 1.2 V 99.7
ΔIref (μА) Typical PV over ΔT 100.1–99.6
ΔIref (μА) Typical P over ΔT & ΔV 100.5–99.4
ΔIref (μА) PVT variationsc 102–98.5
ΔIref/Iref (%) Typical PV over ΔT 0.50
ΔIref/Iref (%) Typical P over ΔT & ΔV 1.1
ΔIref/Iref (%) PVT variationsc 3.5
PSRR (dB) Typical �54
Noise (μV/√Hz) Typical @ 100 Hzc 1.17

a ΔT in all cases is from �40 �C to 125 �C.
b ΔV¼�10%.
c Simulations.
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Δ
ΔT

ðK⋅I1 þ I3Þ ¼ 0⇒
Δ
ΔT

K⋅
VT ⋅lnðNÞ

R1
þ VT ⋅lnðNÞ

R2
þ VBE1

R2
¼ 0⇒
� �
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lnðNÞ
R1

⋅
ΔVT
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⋅
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ΔT
� ΔVT

ΔT
lnðNÞ

�
⋅
�
ΔVT

ΔT

��1

⋅
R1

R2⋅lnðNÞ

(13)

To keep the layout compact, the resistor R3 at the output is relatively
small. Then the final PTAT and CTAT currents are multiplied by a factor
G in order to provide the desired value of Vref, given by,

Vref ¼ ðK⋅I1 þ I3ÞR3⋅G⇒

Vref ¼ K⋅ VT ⋅lnðNÞ⋅R3

R1
⋅Gþ VT ⋅lnðNÞ⋅R3

R2
⋅Gþ VBE1⋅

R3

R2
⋅G

(14)

In order to solve (13) and (14), specific values are required inR1,R2,R3,
N. These values depend on the voltage generator requirements. A typical
64
value forN is 8. This number is used tominimize themismatch effect of the
bipolar transistors. Setting an initial bias current equal to 1.5 (simulation
1.46) μA, taking into account thatR1must be set at a suitable value in order
that VA to be close to VB (650mV) and from (9), then R1 is calculated equal
to 34.7 KΩ (used 37.3 KΩ). From (11), it is calculated R2¼ 43.33 KΩ (used
43.16 KΩ) to create a suitable current/voltage on node C. Solving (13), it
results toK¼ 8.7. From (14) and forG¼ 0.5, the theoretical value of Vref is
515mV very close to the simulated, which is 501.5mV at 27 �C.

3. Circuit design and considerations

A careful design was followed to provide better accuracy and better
insensitivity of Vref over PVT variations. The methodology followed,
differentiate the proposed design from Ref. [28] and offer an improved
performance:

a) All transistors have been designed with large length for better
matching and reducing the short channel effect. The length of the
PMOS transistors M1 - M7 is 3 μm, while the length of the NMOS
transistors M8 - M10 is 4 μm. The transistors of the startup sub-circuit
are not critical and therefore the lengths are small.

b) All transistors of the BGR have large absolute dimensions. This way
the mismatch effect is reduced in the expense of the layout area,
which is increased. In addition, the large dimensions improve the
power supply rejection ration (PSRR).

c) On the other hand, all resistors are designedwith relatively low value,
to keep the total layout within a limited area. The proper values have
been chosen after a mathematical study as described in the previous
section.

d) No large external capacitor is required for filtering or stability, used in
other topologies. Only a small capacitor COA2 is employed in the
second opamp loop for stability and a small second internal capacitor
C1¼ 1 pF at the output for noise filtering.

e) One critical point is the operational amplifier (opamp) used inside the
voltage generators. Low dc offset and low drift opamp must be used.
Using a simpler or more complex opamp is a tradeoff. A multi-stage
operational amplifier offers improved performance, in terms of
offset, gain and CMRR. On the other hand, a high gain amplifier may
show instability issues in BGR needing additional stability compen-
sation. Finally, the adjustment of the amplifier's operation within the
loop may become harder than using a simpler opamp. A two-stage
opamp may be more susceptible in dc offset, but its frequency



Fig. 6. Post-layout simulations results vs the temperature and supply voltage variations a) voltage reference and b) current reference.

Fig. 7. Simulated post-layout monte-carlo results of the voltage reference Vref.

Fig. 8. PSRR a) measured, b) simulated.
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compensation may be easier. In our design, a simple two-stage opamp
has been chosen which is biased by a PTAT current to compensate the
output drift.

The opamp circuit is based on a simple topology as shown in Fig. 3.
The differential pair is constructed by PMOS transistors and the second
stage is constructed by the NMOS transistor MN3. This structure suits
better with the input voltage range and additionally, the output is better
driving the PMOS transistors of the voltage generator, which are con-
nected at the output. A rail-to-rail opamp could be used instead, to
improve accuracy of the reference voltage, especially at the low tem-
perature corner. However, the small improvement of the accuracy would
be worthless taking into account the increased power and layout area
consumption. Therefore, a carefully designed conventional opamp, tak-
ing into account the input and output voltage range, is sufficient. As
shown in Fig. 2, the bias current is received by the PTAT current inter-
nally generated by the voltage reference generator.

A typical circuit, consisting by MS1, MS2 and MS3, is employed to
ensure the proper startup operation.
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4. Simulation results and chip measurements

The BGR presented so far has been designed and fabricated on the
TSMC 65-nm 1P9M CMOS MS/RF low power (LP) process optimized for
low leakage currents. The die area is 215 μm x 242 μm for both the
voltage and the current generator excluding the pads; the area of the
voltage generator standalone only is 0.04mm2. The microphotograph of
the fabricated die is shown in Fig. 4. The bare die has been wire-bonded
to a board (chip-on-board, CoB). The results were obtained by using an
Agilent 34401A digital multimeter under the environment provided by
the Tenney TJR temperature test chamber.

A number of operating conditions in terms of supply voltage and
temperature have been applied to evaluate the circuit performance. The
nominal operating supply voltage VDD is 1.2 V, the nominal generated
reference voltage is 500.1mV and the nominal reference current is
100 μA. Measurement results show Vref value equal to 500.1mV at 25 �C
and a variation of 0.04% over a temperature (T) range from �40 �C to
125 �C. For the same temperature range, together with �10% VDD (V)
variation, the output voltage is varied within a range of 0.86% overall, as
shown in Fig. 5a. Measurement and simulation results are, both depicted
in Fig. 5a allowing them to be easily compared. It is shown that the
performance of the fabricated chip is well predicted by the simulations.
The detailed measurement results are summarized in Table 1.

On the same die, a constant current generator has been included, with
a nominal current of 100 μA. Measurement of the reference current at the
typical PVT case gives a value of 99.7 μA. As shown in Fig. 5b a small
systematic error exists in the measurements, explained by the tolerance
of the external reference resistor. The current variation over �10%
voltage variation and over a temperature range from �40 to 125 �C is
only 1.1%.

The performance over process corners has not been evaluated because
the required large number of fabricated chips from different tape-out
runs was not available. Instead, post-layout simulations have been per-
formed under corner conditions and the results are shown in Fig. 6. It is
shown that even under process, voltage and temperature (PVT) varia-
tions, the final variation of Vref remains very low, around 2.5% and of Iref
about 3.5%. Post-layout monte-carlo mismatch simulations have been
performed and the results showed a mean value m¼ 500.2mV and a
standard deviation σ¼ 213 μV, as depicted in Fig. 7. This corresponds to
a percentage variation σ/m¼ 0.043%. The output noise is 1.17 μV/√Hz
at 100 Hz, while the integrated noise is 24.4 μV for the frequency range
from 1Hz to 100 Hz. The cost paid for the good mismatch performance
and the low noise is the high power consumption.

The Power Supply Rejection Ratio (PSRR) was measured to be
�54 dB at 100Hz. The measured PSRR vs the frequency plot is very close
to the simulated one, as depicted in Fig. 8. The response is exactly as it
was expected from the defined specifications of our application and the
fact that the PSRR worsens in higher frequencies does not affect our
system performance. The typical startup time with VDD equal to 1.2 V and
temperature 27 �C is less than 2 μs. The worst-case startup time is 6 μs
when VDD is 1.08 V and temperature �40 �C.

A comparison with other fabricated chips providing with voltage
references below 1 V is summarized in Table 2. It is shown that the
proposed voltage generator provides a Vref with the smallest variation
over supply voltage and temperature variation. For the measurement, the
supply voltage was set 1.2 V� 10% over temperature range from �40 �C
to 125 �C. The total Vref variation is only 0.86%. Comparingwith a similar
subthreshold circuit [28] the proposed circuit has the following benefits:
a) simpler, not rail-to-rail) opamps, b) smaller area, c) better layout
placement of critical bipolar transistors d) smaller current and power
consumption, e) no need for external output capacitors and f) most
important, better accuracy and stability. Although some of the reference
voltage generators show a low sensitivity [4,27,31,32], the results pre-
sented are under constant supply voltage with only temperature varia-
tion. Testing our circuit over temperature variation only and keeping VDD

constant, it gives Vref variation of only 0.04%, still better than the
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compared topologies. In addition, it shows a very competitive perfor-
mance in terms of output voltage invariance, comparing with some low
power voltage generators [4,8,14–20,29] which they operate and have
been tested in much smaller temperature range. The topology in Ref. [15]
requires a clock and the generators in Refs. [25,26] operating in sub-
threshold with low power consumption and wide temperature range,
need additional trimming after fabrication in order to exhibit a good
performance. Works in Refs. [21] and [22] employ low voltage, low
power topologies based on weak inversion operation. They use internal
VDD doubler, clocked switched-capacitor VBE divider, and buffer to drive
high load currents, increasing the total power consumption.

In an overall comparison with the other implementations shown in
Table 2, the proposed voltage generator shows the best performance in
terms of Vref accuracy, the lowest noise after that in Ref. [6], and the
lowest mismatch effect. The main drawback is the increased power
consumption. However, the increased consumption allows for using
smaller passive resistors, resulting smaller layout area, while offering a
high driving capability able to drive almost any load in a system. Finally,
the PSRR is comparable with the other implementations presented in
Table 2. The overall performance of the proposed circuit makes it suitable
for many applications requiring an accurate and reliable constant voltage
generator.

5. Conclusions

A voltage reference generator is proposed in this paper, targeting to a
design with low sensitivity over supply voltage and temperature varia-
tion. A detailed theoretical analysis is provided and the performance is
verified through simulations and measurements. The circuit was fabri-
cated in a 65 nm LP process. Measurements of the fabricated chip show a
constant reference voltage equal to 500.1mV under a typical supply
voltage of 1.2 V. The output voltage variation is less than 0.9% within a
temperature range from �40 to 125 �C together with a supply voltage
variation of 1.2 V� 10%. Additionally, the circuit requires a small layout
area and shows a good noise performance. A constant current reference
generator has been fabricated as well and a constant current of 100 μА
was measured with variation of about 1%.
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