i\;l% electronics

Article

Curvature-Compensated Bandgap Voltage Reference with Low
Temperature Coefficient

Xiaohui Li ", Jitao Li ?**{), Ming Qiao 1*>* and Bo Zhang !

check for
updates

Citation: Li, X,; Li, ].; Qiao, M.; Zhang,
B. Curvature-Compensated Bandgap
Voltage Reference with Low
Temperature Coefficient. Electronics
2024, 13, 4490. https://doi.org/
10.3390/ electronics13224490

Received: 15 October 2024
Revised: 9 November 2024
Accepted: 14 November 2024
Published: 15 November 2024

Copyright: © 2024 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/).

State Key Laboratory of Electronic Thin Films and Integrated Devices, University of Electronic Science and
Technology of China, Chengdu 611731, China

Chengdu Huanyuxin Technology Co., Ltd. (Affiliated with China Electronics Corporation),

Chengdu 610095, China

School of Precision Instrument and Opto-Electronics Engineering, Tianjin University, Tianjin 300072, China
Institute of Electronic and Information Engineering of UESTC in Guangdong, Dongguan 523000, China
Shenzhen Institute for Advanced Study, University of Electronic Science and Technology of China,
Shenzhen 518000, China

Correspondence: authors: jtlee@tju.edu.cn (J.L.); giaoming@uestc.edu.cn (M.Q.)

Abstract: Resistance errors in bandgap reference (BGR) circuits often cause deviations in design
indicators, and it is true that utilizing various compensation techniques mitigates the impact of
resistance errors. In this paper, an original BGR circuit with 180 nm BCD processing is presented,
which uses an improved high-order compensation and curvature compensation. The proposed BGR
contains four main blocks, including a start-up stage, a first-order temperature compensation stage,
a high-order temperature compensation stage, and a curvature compensation stage. Meanwhile, a
trimming resistor array structure is designed to revise the temperature coefficient (TC) deviation of the
test output voltage from the theoretical design value. Through wafer-level laser trimming technology,
the measurement results are achieved with very little difference from the theoretical design value.
The proposed BGR provides a stable reference voltage at 1.25 V with a low TC and strong power
supply rejection (PSR). Within temperatures ranging from —45 °C to 125 °C, the measured TC shows
an optimal value at 4.2 ppm/°C and the measured PSR shows —100 dB.

Keywords: bandgap reference; high-order temperature compensation; curvature compensation; low
temperature coefficient; high power supply rejection ratio

1. Introduction

Bandgap reference (BGR) is essential to all types of integrated circuits [1-3] as outstand-
ing chip properties are dependent on power supply stability. An ideal power supply can
effectively prevent the system from being interfered with by temperature fluctuation and
noise [4-7]. To mitigate the negative impact on power supply induced by various non-ideal
factors in practical working scenarios, it is important to develop an inner power supply
which is insensitive to temperature and outer power supply fluctuation [8-10]. Therefore,
the invention of bandgap reference has met this demand and has greatly improved chip
performance.

With the development of chip manufacture technology, a shrinking chip size has
become an irreversible trend, which results in decreasing the channel length of MOSFETs in
CMOS technology. Therefore, improving performance has become even more challenging.
Bandgap reference with a high power supply rejection (PSR) and a low temperature
coefficient (TC) is always required in chip design. In practice, there is a significant difference
between the simulated and tested values of BGR, which is attributed to resistance errors
and material errors during chip processing [11-15]. Generally speaking, the improvement
of TC mainly depends on the adjustment of resistance [16,17], but, in practice, it has been
found that resistance value errors always lead to deviations in TC. In order to compensate
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for the insufficient resistance precision, the method of relative error of resistance is often
used [18-21]. By setting a set of resistors with consistent aspect ratios in the temperature
compensation circuit and output circuit, the large TC caused by insufficient resistance
precision can be avoided.

This work proposes improved high-order compensation and curvature compensation
to address the changes in TC caused by resistance errors. At the same time, a trimming
resistor array [22-24] is designed, and the metal wires at both ends of the resistor are cut
short using laser trimming technology to modify the resistance value. The laser trimming
method uses a laser beam with a 10 um diameter to cut the resistor array, which can be
operated on the wafer. As a result, the precise adjustment in the reference voltage and
TC is achieved, and it can be operated in batches, ultimately forming a batch of stable
high-performance products.

This paper is organized as follows: Section 2 introduces principles that guide the de-
sign of the proposed BGR. Section 3 presents the simulation results of various performance
parameters of the BGR, while Section 4 gives the conclusion.

2. Principles of the Proposed BGR

Bandgap reference utilizes electrical devices with different temperature coefficients
to achieve a reference voltage or current insensitive to temperature and supply voltage
fluctuation. Typically, due to good stability and repetitiveness, B]Ts have become the
core of those circuits, whose base-emitter voltage Vpg can be written as a function of
temperature [25-28]:

Ve = Vgo — Tzk[Vgo — Vge(Ti)] — (7 — ) Vr 111(;;) 1)
where Vg is the base-emitter voltage of BJT when T = 0 K, 7 is a process-dependent
constant ranging from 3.6 to 4, and « is the index of collector current I¢ to the absolute
temperature T.

Principles of all types of BGR derive from this equation. By introducing different
coefficients to each term, it is possible to eliminate temperature-dependent terms. For
instance, first-order temperature compensation can be realized by simply adding up the
PTAT current (current proportional to the absolute temperature) and the CTAT current
(current complementary to the absolute temperature) produced by Vg and the voltage
difference AVpr between two BJTs with different current densities, respectively. The typical
value of BGR output is around 1.25 V. As high-order terms in Equation (1) still exist, the
temperature coefficient (TC) of first-order temperature compensation BGR is usually above
10 ppm/°C. Therefore, other types of compensation are required to achieve a lower TC.

The block diagram of the proposed BGR is given in Figure 1. As is shown in Figure 1,
besides a start-up circuit stage, a current mirror and a first-order temperature compensation
stage, the proposed BGR consists an improved high-order temperature compensation
stage and a curvature compensation stage, which are both effective in improving the TC.
The main function of the start-up circuit is to provide the initial state for BGR during
the power on process, ensuring that the current mirror can output current normally. The
first-order temperature compensation circuit is mainly used for the initial temperature
compensation of the current generated by the current mirror. The high-order compensation
circuit is used for the secondary temperature compensation of the current after the initial
temperature compensation. The curvature compensation circuit is used for the higher-order
compensation of the current after the secondary temperature compensation, ultimately
obtaining a current that is minimally affected by temperature, which is further converted
into a reference voltage V¢ that is minimally affected by temperature through resistance.
The two compensation methods will be explained in detail in the following sections.
Figure 2 shows the start-up circuit and first-order temperature compensation circuit of BGR.
In the start-up circuit, a transient mirror current is provided to the first-order temperature
compensation circuit after powering on, which is fed back to the start-up circuit through an
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internal differential amplifier to stabilize the mirror current. After the power on process
is completed, the start-up circuit stops working. At this time, Q2 and Q1 form a bandgap
temperature compensation circuit, outputting PTAT (I1) and CTAT (I) currents. Resistor R3
is the trimming resistor module of the first-order temperature compensation circuit, where
the laser continuous trimming technology may be used to obtain compensation currents
that are close to the design values.

Start-up circuit Current mirror

First-order temperature Improved high-order Vit

. i Curvature compensation —

compensation temperature compensation : |
Bandgap Core

Bandgap

Figure 1. The block diagram of the proposed BGR.
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Figure 2. BGR with start-up and first-order temperature compensation (R3 in the dashed box is a
resistor module used for trimming).

2.1. High-Order Temperature Compensation

High-order temperature compensation aims to eliminate the logarithmic term
(n—a)Vr ln(le> in Equation (1), which can be solved by introducing a logarithmic
current. Assuming two BJTs with two types of bias current, one is the PTAT current; the

other is temperature-independent. According to this assumption, the Vpr of the two
BJTs can be written as

Vpe1 = Vg0 — le[vgo — VBe(Ti)] — (7 — 1)VTIH<;;(> @
VBe2 = Vo — Tzk[vgo = Vee(To)] = (1 =2)Vr ln(;;) Y

If we apply Vg1 — Vpep to resistor Ry, a logarithmic current Iy will be produced.
In1 can be expressed by

(4)

AVge  Vp ( T>
InL = = n

Rne  Rne To
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By adding Iy to the PTAT(/1) current and the CTAT(l;) current generated by first-
order temperature compensation BGR, the high-order terms in Equation (1) can be elim-
inated. However, we assume that the two B]Ts have the same Vg (T) as previously to
achieve Equation (4), which is not the case in the actual circuit. Therefore, errors should
exist in the practical reference voltage produced by the BGR based on this principle. To
solve the problem, improved high-order temperature compensation is utilized in the pro-
posed BGR given in Figure 3. In this structure, OTA adopts a voltage following method,
which produces an isolation effect and prevents the Iy, current from flowing into the
transistor Q3 (Iny, flowing into the Q3 will cause the I; + I, + In, mirror compensation
current to be introduced with an additional current, thereby affecting the operation of the
high-order compensation circuit). From Equation (4), it can be seen that OTA with voltage
following ensures that the threshold voltage of the Q3 and Q1 transistors forms a voltage
difference AVpr at both ends of the Ry, further obtaining the current Iy, with high-order
temperature compensation characteristics, which reduces the TC value to some extent.
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Figure 3. BGR with high-order temperature compensation and curvature compensation (R5-R7 in
the dashed box are resistor modules used for trimming).

2.2. Curvature Compensation

Another effective high-order temperature compensation is curvature compensation,
the basic idea of which is diving a certain temperature range into several sub-ranges and
introducing compensation to each part. As is shown in Figure 3, I; is the PTAT current
while I, is the CTAT current. P;¢ and P;7 mirror the sum of I; + I + Inp, where the Iy, is the
high-order compensation current induced by Q1 and Q3. Then, a high-order temperature
compensated reference voltage V), is generated. Using Ry, Rs, and R¢, two other reference
voltages, V,.r1 and V,,f,, are produced:

Rs 4+ Rg
Viep1 = ngr'm &)
Re
Viefa = ngr'm (6)

Nig mirrors I1+ I, + Inp and produces a bias current for N1; and Nip. Nip and Ny
compare V¢ and Vx, Vpg of Q1, and generate a compensation current I, which is copied
by P»;. The process is the same as the way to generate compensation current Iyyr. If proper
conditions allow Pj; and Pj; to work in the sub-threshold region, the current flows through
can be expressed by
Vs — Vin > @

W
Isub = IDOT exp mVT
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where Ipg is a constant, % stands for the width/length ratio of the MOSFET, and m
represents sub-threshold slope, which is also a constant. For two differential pairs, bias
current can be expressed by

Iy = L+ + Iy = Iii+1hp = Li3+1s (8)

Combining (5), (6), and (7), assuming that (%)11 = (%)u - (%)13 - (%)14'
Vinr1 = Viniz = Vs = Vina, 1o and [14 can be re-written as

Is
Iip = V7 )
14exp (7%1% X )
I
114 = —V V- (10)
1+ exp(iﬁé;_ X)

The compensation current Ico flows through Ry, which is the sum of I1, and I14. At
very low temperatures, Is ~ I15. As the temperature increases, I, decreases and equals
0 at a certain temperature T'. As the temperature exceeds T’, [14 starts to increase and at
high temperatures I; ~ I14. Therefore, I; shows a different trend from that of BGR without
curvature compensation. Eventually, the reference voltage produced by the proposed BGR
can be expressed by the following equation:

Vier = IcoR7 = (h + b+ Inp + Ig + InT)R7 (11)

2.3. Implementation of Proposed BGR

As is shown in Figures 2 and 3, the proposed BGR consists of five blocks: a cascode
current mirror, a start-up circuit stage, a first-order temperature compensation stage, an
improved high-order temperature compensation stage, and a curvature compensation stage.
As the system powers up, the start-up circuit works to get the rest of the system functioning.
Q1— Q2, Ri— R3 forms the core of the first-order temperature compensation stage, which
generates the PTAT and CTAT currents. The emitter—area ratio N of Q; and Q5 is set to
7 out of layout consideration. The ratio of R;/R; is set to 1. There also exists a differential
operational amplifier (opamp) to keep the voltage drop of R; and Q; equal. It is essential
to note that the bias current is provided to the opamp through the cascode current mirror,
which enhances system power supply rejection (PSR). In Figures 2 and 3, assuming that
the gain of the operational amplifier (opamp) is A, the current mirror adopts a cascode
structure, and its output impedance increases, expressed as Equation (12). PSR can be
equivalent to approximately the reciprocal of the output gain, expressed as Equation (13).

Rout = gma7(r26|125||122.727) ||R7 (12)

VVref 1
VVbp  ARout

where g,07 is the gain of Ppy, while 12y, 125, 126, and rp7 are the output resistors of Py, Pys,
Py, and Py, respectively.

Qs and Ry, provide high-order temperature compensation by producing a logarith-
mic current I to sum with the PTAT and CTAT currents. An OTA is also included in this
stage to improve compensation precision. According to Equation (4), the value of Ry is

PSR = (13)

approximately % The OTA is a conventional two-stage differential one without Miller
compensation. The curvature compensation stage provides more precise temperature
compensation. Firstly, V,r1 and V., are decided according to the value of Vx, which is
the Vpg of Q1. Then, the ratio of R5 + R, Rg and R4 + Rs5 + Rg is determined according to
Equations (5) and (6). By a curvature compensation circuit, the segmented compensation
currents Iyt and Iyt are generated to compensate the mirror output current again.
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2.4. Trimming Resistor Array Design

In order to solve the problem of TC changes caused by resistance errors, this work
designs a trimming resistor array. Using laser trimming technology, cut the metal wires
at both ends of the resistor short, ultimately completing the modification of the resistance
value. The trimming resistor modules R3 (Figure 2) and Rs—Ry (Figure 3) adopt the same
structure, as shown in Figure 4, where n represents the number of series resistors and is
determined by the resistance values of R3 and Rs—Ry. The red dashed line markers “x” in
Figure 4 indicate the cutting points for laser trimming, with a maximum of m = 32 parallel
resistors. The trimming accuracy VR obtained by cutting off one of the red markers is
shown in Equation (14), where, when m = 32, the minimum accuracy value obtained is
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Figure 4. The designed trimming resistor array.

3. Simulation and Experimental Results

The reference voltage Vi, s 15 produced by first-order temperature compensation BGR,
and the reference voltage Vs pign, produced by high-order temperature compensation
BGR is given in Figure 5. According to the plot, over a wide temperature range from
—40 °C to 125 °C, it is apparent that the TC of BGR is significantly lower after high-order
temperature compensation (14.04 ppm/°C compared to 25.2 ppm/°C).

The reference voltage V¢ pign produced by high-order temperature compensation
BGR and compensation current Ico are presented in Figure 6. The simulation results sug-
gest that reference voltage V,, f—high and compensation current Ico show a complementary
trend, which indicates that curvature compensation can effectively reduce V,,f’s fluctua-
tion with temperature. In addition, Vx, Vi¢r1, and V,.r»’s relationship with temperature is
given in Figure 7, and determines the slope of Ico.

The simulation result of the TC of the proposed BGR is compared with that of the high-
order temperature-compensated BGR in Figure 8. It can be concluded from the simulation
results that the curve of reference voltage V. versus temperature exhibits second-order
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compensation properties after curvature compensation, which dramatically reduces the TC
from 14.04 ppm/°C to 3.6 ppm/°C.

The Monte Carlo simulation result (500 samples) of reference voltage is presented in
Figure 9. The maximum value of V. is 1.271 V, while the minimum is 1.238 V. The corner
(tt, ss, and ff) simulation results of the reference voltage produced by the proposed BGR
are presented in Figure 10. The proposed BGR has a different TC and output voltage at
different corners, which are summarized and compared in Table 1.
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Table 1. Various important performance parameters of the proposed BGR at different corners.

ff # ss # tt
TC (ppm/°C) 14.04 12.16 3.6
Line Regulation
(mV/V) 0.6 0.52 0.15
Vier (V) 1.259 1.259 1.255
PSR@DC (dB) —110 —-105 —110

# Without trimming.
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Figure 9. Monte Carlo simulation results of reference voltage.
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Figure 10. Corner simulation results (tt, ss, and ff) of reference voltage.

The Monte Carlo simulation result (500 samples) of the reference voltage TC is pre-
sented in Figure 11. The maximum value of TC is 32.43 ppm/°C, while the minimum
is 3.38 ppm/°C.
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Figure 11. Monte Carlo simulation results of TC.

Figure 12 presents the experiment sample for the proposed BGR, and it is found that
the processing deviation is close to the tt process angle. The die is trimmed on the wafer
using a laser trimming system. Before the trimming, the overall temperature deviation is
obtained through the testing performance of the die, and a trimming plan is confirmed.
The resistance values of resistors R3, R5, R6, and R7 are changed through laser trimming
technology. Finally, the voltage output value at a specific temperature point is obtained.

First-order
__t— temperature
compensation

Curvature —
compensation

High order
L — temperature
compensation

(b)

Figure 12. (a) The actual photograph and (b) layout for the proposed BGR.

The error between this experiment and the simulation can be improved by precise
trimming, and the laser continuous trimming can make the experimental results closer to
the simulation results. Twenty samples were tested. The tested temperature coefficients of
the samples without trimming are shown in Figure 13a, and there is a certain deviation in
the output voltage compared to the simulation results. Figure 13b shows that the average
voltage is about 1.25 V and the sample variance is around 0.38 mV. The above samples were
trimmed and subjected to temperature coefficient testing again. The voltage parameters
were improved, as shown in Figure 14a. According to Figure 14b, the average voltage is
about 1.25 V, and the sample variance is around 0.16 mV. Laser trimming methods can
effectively improve process deviations, and the worst and best temperature coefficients are
7.5 ppm/°C and 4.2 ppm/°C, respectively. Various important performance parameters of
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the proposed BGR are summarized and compared in Table 2. Compared with other BGRs
in previous reports [4,9], although the proposed BGR has a larger area due to the trimming
resistor array design, the TC and PSR are excellent.

9 -
1. 2505 F gl w7 1209988V
o = 0.3794nV
7 -
1. 2500 F o/p = 0. 0304%
6 -
S 25l
S 12495+ 5
g; [&5) 4 -
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7 L
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60 —40 -20 0 20 40 60 80 100 120 140 1. 2488 1. 2492 1. 2496 1. 2500 1. 2504
T (/°C) Vref (V)
(a) (b)

Figure 13. For the samples without trimming, (a) the test V ¢ related to temperature, corresponding
to (b) the average voltage and the sample variance.
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or 4
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= 4r
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Figure 14. For the samples with trimming, (a) the test V¢ related to temperature, corresponding to

(b) the average voltage and the sample variance.

Table 2. Parameter comparison of BGR between our work and previous reports.

This Work [4] [9] [2]
Process (nm) 180 180 180 55
Year 2024 2023 2023 2023
Reference voltage (V) 1.25 1.18 2.56 N/A
Vpp (V) 3-5 33 5 3.3
Temperature range (°C) —45-125 —60-160 —40-150 —50-120
TC (ppm/°C) 4.2 5.72 14.89 3.78
o/ u% 0.0129 N/A N/A N/A
PSR @Hz (dB) —100@DC —93.26@DC —68@DC —63.1@100
Power (UW) 127.8 245.2 5.12 139.03

Active area (mm?) 1.03 0.072 0.0925 0.044
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4. Conclusions

In this paper, a bandgap reference circuit with a low temperature coefficient and
high PSR using 180 nm BCD processing is designed. This work introduces a low TC and
high PSR circuit structure, which is achieved by high-order temperature compensation
and curvature compensation techniques. Moreover, a trimming resistor array structure
is proposed to address the TC deviation of the output voltage from the theoretical design
value. Through wafer level laser trimming technology, the measured bandgap reference
results are very close to the theoretical design value. The measured results show that
the proposed BGR produces a stable reference voltage at 1.25 V, whose TC has reached
4.2 ppm/°C. In addition, the proposed BGR is also insensitive to power supply fluctuation,
reflected by the very high PSR at —100 dB; the proposed BGR is applicable in systems that
require high precision.
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