energies

Article

A Curvature Compensation Technique for Low-Voltage
Bandgap Reference

Jie Shen 2, Houpeng Chen 3*, Shenglan Ni /2

check for

updates
Citation: Shen, J.; Chen, H.; Nji, S.;
Song, Z. A Curvature Compensation
Technique for Low-Voltage Bandgap
Reference. Energies 2021, 14, 7193.
https:/ /doi.org/10.3390/en14217193

Academic Editors: Sérgio Cruz and
Ahmed Abu-Siada

Received: 20 September 2021
Accepted: 27 October 2021
Published: 2 November 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Zhitang Song !

State Key Laboratory of Functional Materials for Informatics, Shanghai Institute of Microsystem and
Information Technology, Chinese Academy of Sciences, Shanghai 200050, China; jies@mail.sim.ac.cn (J.S.);
nisl@mail.sim.ac.cn (S.N.); ztsong@mail.sim.ac.cn (Z.S.)

Schools of Microelectronics, University of Chinese Academy of Sciences, Beijing 100049, China

Shanghai Technology Development and Entrepreneurship Platform for Neuromorphic and AI SoC,
Shanghai 200090, China

*  Correspondence: chp6468@mail.sim.ac.cn

Abstract: Based on the standard 40 nm Complementary Metal Oxide Semiconductor (CMOS) process,
a curvature compensation technique is proposed. Two low-voltage, low-power, high-precision
bandgap voltage reference circuits are designed at a 1.2 V power supply. By adding IPTAT (positive
temperature coefficient current) and ICTAT (negative temperature coefficient current) to the output
resistance, the first-order compensation bandgap voltages can be obtained. Meanwhile, the third
high-order compensation current is also superimposed on the same resistance. We make use of the
collector current of the bipolar transistor to compensate for the nonlinear term of Vgg. The simulation
results show that TC (temperature coefficient) of the first circuit reference could be reduced from
29.1 x 1074/°C to 5.71 x 10~%/°C over the temperature range of —25 to 125 °C after temperature
compensation. The second one could be reduced from 17 x 107¢/°C to 5.22 x 107¢/°C.

Keywords: bandgap reference; curvature compensation; nonlinear current

1. Introduction

Reference voltage source circuit is an important unit module in integrated circuit
design, which is widely used in analog integrated circuits, digital integrated circuits, and
hybrid integrated circuits. The ideal voltage reference has some requirements are as follows:

(1) Insensitive to temperature change;

(2) Insensitive to power fluctuations;

(3) Wide range of supply voltage;

(4) Adjustable output voltage;

(5) Low voltage and low power consumption.

Due to the advantages in the above aspects, the bandgap reference (BGR) is the main-
stream reference source circuit at present. Nowadays, with the feature size of the integrated
circuit is getting lower and lower, low-voltage, low power consumption, and high-precision
bandgap reference circuits are necessary and have received widespread attention.

Many works [1-3] can achieve a high-precision reference voltage. Due to the limitation
of the common-collector structure of the bipolar junction transistor, the reference voltage is
higher than 1.2 V, and the minimum supply voltage must be higher than 1.4 V as well. To
reduce the system voltage, researchers put forward various methods. H. Banba proposed
the current mode structure [4] that could convert the sum of two currents to voltages,
generate a temperature-independent reference, and also provide a practical pattern for the
later low-voltage reference circuit.

The structure in the work of [5-8] achieves a sub-1 V voltage using the idea of [4].
K.J. Singh replaced the resistors of conventional bandgap voltage reference circuits with a
stack of Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET) [9], thus resulting
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in the improvement in the area and low voltage. [10] CTAT voltage was divided, and PTAT
voltage was multiplied to operate with a low input voltage. It was proposed that the circuit
can generate a 0.8 V.

The temperature drift of the reference voltage has been another challenge in recent
years. In order to reduce the temperature coefficient and improve the precision, many
curvature compensation techniques have been presented. An exponential curvature com-
pensation technique has been presented in the work of [11] by exploiting the temperature
characteristics of the current gain 8 of Bipolar Junction Transistors (BJTs). 3 changes with
the temperature index, so a current that has a nonlinear relationship with the temperature
can be obtained to compensate for the nonlinear term of the bandgap reference. However,
the compensation in this work can only be applied for convex curves and is not suitable for
concave curves. A piecewise-linear compensation was proposed in the work of [12]. The
author divided the reference voltage curve into several parts within the whole temperature
range and made a piecewise compensation for each part. In [13], a smoother reference volt-
age curve can be obtained by the superposition of two complementary reference voltages
curves. The two paper have satisfactory compensation effects but double the layout area.
Different kinds of resistors [14] have been incorporated into the compensation, aiming to
cancel the nonlinear temperature dependence of the emitter-base voltage Vgg. The method
in this work has a high requirement on the type of resistance.

This paper adopted the square curvature compensation technology and designed two
reference voltage source circuits. The compensation method in this paper is suitable for
both the convex curves and the concave curves. Meanwhile, the simple structure will not
waste too much layout area. This circuit only increases 3 pA current on the original basis.
The collector current of the transistor was used to perform a nonlinear order compensation
to reduce the influences of the nonlinear term on Vgg. Compared with the first-order
compensation reference voltage source, the power consumption of the new circuit only
adds a few microwatts, which greatly reduces the temperature coefficient.

2. Principle of Bandgap Reference

The classical bandgap reference with the current mode structure is shown in Figure 1.
The principle is to add two reverse temperature coefficient currents with different weights,
getting a zero TC reference current at a certain temperature.

R1 R3
$ R2a R2b$ =

Ql ’_EQZ

. -

Figure 1. Bandgap reference with current mode structure. P represents PMOSFET; R represents
resistance; Q represents transistor.

The base-emitter junction of the PNP tube has a Vgg-I¢ relationship given by

kT Ic
VBE =—In—= (1)
q I
where I¢ is the collector current, and the saturation current Ig is proportional to the base-
emitter area.
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The CTAT current is generated by a single BJT tube [8]. The analytical form of Vg is

T T T o
Vge= Vool 1—=— | +V ()+ V ln()—i-V ln<> 2
BE gO( To> Beo { g ) FYVrin{ rhn{ 7 ()

where Ty is the reference temperature, Vg is the bandgap voltage of silicon at Ty and is
1.205 V at absolute temperature 0°, the temperature coefficient y is approximately equal to
3, and Jc is collector current density of PNP.

The relationship between J¢ and temperature can be expressed as

Je =Ico<;;>(X (©)

Bring (3) into the previous Formula (2) to obtain the final expression of Vgg

Vee= Vgo— (V0 _VBEO) %‘HY —a)Vrin (;;) 4
where o is the order of the temperature behavior of the current.

In Equation (4), when Vggy is approximately equal to 750 mV, T is 300 K, the value
can be obtained by first-order partial derivative of Vgg to temperature and is about
—1.5mV/°C. The voltage is negatively correlated with temperature.

In the structure in Figure 1, nodes A and B are forced to be at equal potential because
of the feedback loop from the operational amplifier Al. So the CTAT current flowing in Ry,
is equal to the current flowing in Ry, which can be described as

Vv
Ictar = %iz 5)

The PTAT current flowing through resistance R; can be described as

AVge  Vpp1—Vpez V1, L1 kT
= =—In—=—InN (6)
R1 R1 R1 Iz qu

IptaT =

The first derivative of Iprar with respect to temperature can be obtained and is about
(0.086 x InN)/R; mV/°C. N is the ratio of the emitter area of two bipolar transistors
generating positive TC voltage, and the voltage is proportional to temperature.

The low-voltage reference is generated by the sum of two currents, Iprar and Ictar,
multiplied by the output resistor. Iptar is produced from AVpg and Icrat is produced
from Vpg. The sum of Iptar and IctaT are copied from current mirrors Py, P, and P3 to the
output resistor. The first-order reference voltage is written as

)

Rop qRy

VREF = Rs( @)

N is the ratio of the emitter area of two bipolar transistors generating positive TC
voltage. k is the Boltzmann constant, and q is the electric charger. Vggr in this structure is
adjustable. This structure is suitable for low voltage.

The Formulas (4)—(7) show that AVgg can only compensate for the linear term in Vg,
but the high-order term cannot be compensated. So the temperature coefficient of the
bandgap source after first-order compensation will not be small, especially in low-voltage
structure, the voltage deviation will be amplified, and we will obtain a worse temperature
coefficient, usually more than 30 x 107%/°C. So other compensation ways are needed to
obtain higher precision reference voltage.

A high-order compensation method was proposed in this article, and the principle is
shown in Figure 2. The low-voltage reference is generated by three currents, namely, IptaT,
Ictar, and Inp, that are multiplied by the output resistor. Iprat is produced from AVpg,
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and IcraT is produced from Vgg. The sum of these two opposite TC currents can present
two typical curves, a convex curve, and a concave curve. The nonlinear compensation
current Iyy, from a nano-ampere curvature compensation module is to make a proper
temperature compensation for different curvature curves, as illustrated in Figure 2. When
the reference current forms a convex curve, the second derivative of its nonlinear term is
less than zero. A current I>prat that is proportional to the square of temperature can make
the compensation. By contrast, if the reference current forms a concave curve, the second
derivative of its nonlinear term is greater than zero. The current —prat that is inversely
proportional to the square of temperature can make the compensation.

INL1

VREF1

IREF
IPT
Irefl ’
Iref2

T

VREF2
IREF2
INLZ

Figure 2. Square curvature compensation principle. IPT represents IPTAT; ICT represents ICTAT;

ICT

Irefl,2 represent two typical current curves after first-order temperature compensation; INL1,2
represent two non-linear compensation current; Vrefl,2 represent reference voltage after high-order
temperature compensation.

After curvature compensation, we can obtain output reference current Irgr with:
Igr = Igo + kT — koT — ks T2 + Ing, (8)

Nonlinear compensation terms can be generated in different ways. In [11], I, is
generated by the current difference between IptraT and Iypg, and the compensation current
opens only at high temperatures. This reference circuit achieved a temperature drift of
less than 20 ppm/°C at the temperature range of —15 to 90 °C. In [15], INy is generated
by the base current of the bipolar transistor. However, the compensation is only used for
convex curves.

3. Circuit Design

Two proposed low-voltage, high-precision bandgap circuit designs are shown in
Figures 3 and 4. The two circuit structures are slightly different in the high-order com-
pensation circuit. Theoretically, the second-order derivative of the nonlinear part of Vgg
voltage is less than zero, and we obtain a downward V-T curve. However, in fact, because
of the differences in current mirrors, bipolar transistors, op amps, or bias circuits, the
second derivative of the nonlinear term of Vrgr may be greater than zero, and the V-T
curve may open upward [16,17]. In the second case, we need to reverse Iy, to compensate.
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Figure 4. Proposed the second bandgap reference.

3.1. Start-Up Circuit

The purpose is to prevent the degenerate state that the output of the op-amp is high
and the input is low. The degenerate state makes the circuit unable to work normally, and
the output keeps a low level for a long time. Furthermore, the essence of the degeneracy
state is a metastable state and requires an external force to break the balance. The start-up
circuit is such an external force. When the circuit works normally, the start-up circuit
must be disconnected to keep the circuit stable. On the other hand, the start-up circuit
designed in this paper is very simple in a structure consisting of only two MOSFETs and
one capacitor. Due to the capacitor characteristics, when it is just powered on, the gate of Ny
is high. After it is turned on, the gate voltage of P; and P, can be pulled down, and the two
inputs of A; and A; amplifiers can be pulled up at the same time so that the circuit is out
of degeneration. The gate of Nj connects to the power supply in a continuous conduction
state, which can provide a discharge path for the C; capacitor. After the discharge is
completed, the gate of N is pulled down, and the start-up circuit disconnects. Considering
the low-voltage structure, M3 4 9 and Mjg can work in the subthreshold region.

3.2. Operational Amplifier Design

The operational amplifier designed in this circuit is displayed in Figure 5, and it is
a folded-cascode amplifier. The operational amplifiers in bandgap reference circuits are
used to generate positive temperature currents by clamping the transistor base-emitter
voltage, and two-stage structures are frequently applied. On the contrary, the current
mirror connected to the two-stage amplifier output is equivalent to a common source
stage, and the three-stage structure will bring some problems to the stability of the whole
bandgap circuit. The one-stage operational amplifier can bring favorable effects on circuit
stability, while insufficient gain will result in larger system offset voltage, which is out of
the designer’s expectations. For the advantages in sufficient gain, large output voltage
swing, and suitable stability, the folded-cascode amplifier was used in our circuit.
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Rb2

Mb6

Mb5 }—

Figure 5. Operational amplifier design. M1-11, b1-b6 are MOSFETs; vb1—4 are bias voltage; vp, vn
are inputs.

Under the same conditions, the mobility of N-Metal-Oxide-Semiconductor (NMOS)
is higher than that of P-Metal-Oxide-Semiconductor (PMOS), which is conducive to im-
proving the response speed, and then M9, M10 are used as NMOS differential input pairs
that also match the emitter-base voltage of transistor Q2 better. In the temperature range
of —25 to 125 °C, the voltage of Vp and Vn will vary from 0.65 to 0.8V, and the threshold
of NMOS and PMOS transistor is Vip, = 0.65 V and Vi, = —0.75 'V, respectively, in this
process. If PMOSFETs are used as the differential input pairs, the current mirror M11 will
be forced into the linear region. In Figure 5, M1 and M2 provide the bias current of the
input device. M3, M4, M9, and M10 form a cascode device. M5, M6, M7, and M8 are the
load tubes, which affect the output impedance.

The gain of the cascode operational amplifier can be approximately expressed as:

A= gm9,10{ [(8ma + gmb4)r04(r010’ ITOZ)] [(8m6 T Bmbe) To6To8] } )

where g,; is the transconductance of M;, r, is the output resistance.

The loop gain and phase simulation is shown in Figure 6. The proposed operational
amplifier has a DC loop gain of 63.6 dB and a phase margin of 60 degrees at 1.2 V sup-
ply voltage.
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Figure 6. Simulated loop response in Figure 5: Phase response and gain response (VDD =1.2 V).
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3.3. First-Order Temperature Compensation Circuit

The first-order temperature compensation circuit is slightly modified on the basis of
the Banba structure, separating the positive temperature current generating circuit and the
negative temperature current generating circuit. The purpose is to obtain separate PTAT
current preparing for high-order temperature compensation. The PTAT and CTAT current
generating circuits are symmetrical in structures. The obtained current flows through
the output resistance by two sets of current mirrors. When the proportional relationship
between R; and R; is adjusted reasonably, we can obtain nice first-order temperature
compensation. The principle of temperature compensation has been explained in detail
in Section 2, and I will not repeat it here. In this circuit structure, we choose N = 8. After
calculation and further simulation, the ratio of Ry and R, can be trimmed.

After first-order temperature compensation, the output voltage can be expressed as:

v kT
1

The simulation of temperature coefficient at the range of —25-125 °C after first-order
temperature compensation was shown in Figures 6-9.

3.4. High-Order Temperature Compensation Circuit
The high-order temperature compensation circuit in Figure 3 is composed of a resistor,
five Negative-Positive-Negative (NPN) bipolar transistors, and three PMOSFETs; two PMOS-
FETs were removed from the circuit in Figure 4 in order to obtain the opposite compensation.
Take circuit in Figure 3 as an example. According to Kirchhoff’s voltage law, Vg g7
can be expressed as:

VBE,Q7 = VBE,Q5 + VBE,Q3 + VBE,Q4 (11)

Collector currents of Qs, Qs, Qg copied from the current mirror are positive to tem-
perature change (Iptar). The current flowing through Rj is inversely proportional to the
temperature (IcTaT):

I3 = —= (12)
The current flowing into Qy is calculated as:
Ios =Ige +1rs3 (13)

We assumed that each B]T has the same size, substituting the base-emitter voltage
from (1) and current Formulas (12) and (13) into Equation (11), we can obtain the follow-
ing expression:

Inp (T I
Vrin NL (IptaT + IcTAT) —0 (14)
Iptar X IcTAT
From Equation (14), we can obtain the current flowing in Q7:

I’prar
(15)

Inf=—""—"+—
N Tprat + LoTaT

In order to make the TC of Iny, proportional to the square of the temperature, the
denominator of formula (14) must be independent of temperature. We can adjust the ratio
coefficient of R3, Ry to meet the requirements.

aVBE7 1 + kinN o
oT R3 qR,

0 (16)
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The output of the proposed design in Figures 2 and 3 can be expressed in the form of

\Y kT
Vrep = Ry X (1352 + q—RllnN + INL) (17)
where the nonlinearities created by Vg can be compensated by Iyy, which is given in
Equation (15). In Figure 4, we reverse Ic and compensate for the high-order term of Vrgg,
whose second derivative is positive.
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Figure 7. In reference 1 (a) 200 Monte Carlo simulation results for TC after first-order temperature compensation;

(b) 200 Monte Carlo simulation results for TC after high-order temperature compensation.
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Figure 8. In reference 2 (a) V-T curve after first-order temperature compensation; (b) V-T curve after high-order tempera-

ture compensation.
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Figure 9. In reference 2 (a) 200 Monte Carlo simulation results for TC after first-order temperature
compensation; (b) 200 Monte Carlo simulation results for TC after high-order temperature compensation.

4. Simulation Results

The simulation was carried out in candence software under the standard 40 nm
CMOS process technology. The V-T curve of the structure in Figure 2 is exhibited in
Figure 6. In a typical model, the power supply voltage is set to 1.2 V, the output voltage in
reference 1 is 523 mV. When the temperature changes within the range of —25-125 °C, TC is
29.1 x 107%/°C after the first-order compensation and is 5.71 x 10=%/°C after the second-
order compensation. After the second-order compensation, the circuit power consumption
only increases by a few microwatts and is only 30 uw, which meets the requirements of low
voltage, low power consumption, and high precision. The output voltage in reference 2
is 533 mV. The V-T curve of the structure in Figure 3 is demonstrated in Figure 8. TC is
reduced from 17 x 1076/°C to 5.22 x 107%/°C. Figures 7 and 9 show 200 Monte Carlo
simulation results of the temperature coefficient distribution. The proposed BGR at 1.2 V.
Monte Carlo simulation reflects a probability distribution. Therefore, the simulation results
of Figures 6 and 8 are important examples of the results of Figures 7 and 9.

Figure 10 plots the output reference voltage with the corresponding supply voltage at
different temperatures. The supply voltage changes from 0 to 2 V, at —25, 27 and 125 °C,
respectively. The simulation results prove that the BGR has a suitable linear adjustment
rate. The minimum power supply voltage is 1V, and in the voltage range from 1 to 2 V, the
bandgap reference voltage is stable.

1.0 7
] | PV
05 3 iz
05 ]
& ]
> .
0.257
0.0
_0.25_I[IIllIIIIIII[IIIIIIIlIIIIIIII|IIIIIII[I|
0.0 05 0.0 15 2.0

vdd

Figure 10. Reference voltage on the supply voltage in different operating temperatures (reference 2).
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The simulation results of the bandgap reference voltage of —25 to 125 °C for various
supply voltages are shown in Figure 11. The temperature coefficients at 1, 1.2, 1.4, 1.6, 1.8,
and 2 V supply voltage are less than 10 x 10~¢/°C. In particular, the accuracy of BGR is
the highest at 1.2 V voltage.

550.0
] sy
= 1.4V
545.0 —
0 [ 55 9 0 0 s o e e o s 1.6V
d 1 oy |
g 540.0t R e T e s W e i o - 1V
E .
> 535.0
530,01 LriiTror T
525.0-

[TT T T [ T T T T [T T T T[T T T T[T T T T[T TTT]

-25.0 0.0 25.0 50.0 75.0 100.0 125
temp (C)

Figure 11. Reference voltage on the operating temperature in different supply voltage (reference 2).

Figure 12 shows that the reference circuit can start up normally in 3 us after the supply
is turned on.

Transient Response

-0.25-

0.0 25 5.0 7.5 10
time (us)

Figure 12. Start-up time (reference 2).

5. Conclusions

In this paper, two bandgap references have been designed and simulated under
a standard 40 nm CMOS process at a 1.2 V power supply. On the base of the model
in [4], first-order temperature compensation, a second-order temperature compensation
circuit is achieved. The collector current of the bipolar transistor can be used to generate
exponential curvature compensation. This compensation method has the advantages of
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simple principle, suitable compensation effect, and strong applicability and can be used in
low-voltage and low-power reference circuits. The simulation result shows that, at 1.2 V
voltage, the two BGR achieve suitable TC of 5.71 x 1076/°C, 5.22 x 107¢/°C when the
temperature changes from —25 to 125 °C, and performs well under wide power supply
variation. Table 1 lists the comparison of this work with designs reported in the work
of [5-8]. Compared with other works, the proposed circuit has less temperature coefficient
in a wide temperature range. The bandgap references designed in the paper have suitable
properties of low-temperature coefficient and low power consumption, which is suitable
for low-voltage, low-power, and high-precision circuits.

Table 1. Comparison of BGR in this article and previous work.

Parameter 5 6 7 8 This Work
Technology 90 nm 60 nm 65 nm 60 nm 40 nm
Supply voltage (V) 1.15 2-5 1.2 0.98 12
VRer (mV) 720 389.8 730 603 530
TC (ppm/°C) 10.1 15 9.6 15 5.2
Temp range (°C) 10-80 0-100 —25-100 0-100 —25-125
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