Microelectronics Journal 63 (2017) 35-40

journal homepage: www.elsevier.com/locate/mejo

Contents lists available at ScienceDirect

Microelectronics Journal

MICROELECTRONICS
JOURNAL

A sub-1V 78-nA bandgap reference with curvature compensation

@ CrossMark

Ziyang Luo”, Yan Lu™*, Mo Huang®', Junmin Jiang™', Sai-Weng Sin®, Seng-Pan U?,

Rui P. Martins™?

@ State Key Laboratory of Analog and Mixed-Signal VLSI and FST-ECE, University of Macau, Macao, China

b State Key Laboratory of Analog and Mixed-Signal VLSI, University of Macau, Macao, China

€ School of Electronic and Information Engineering, South China University of Technology, Guangzhou, China

4 ECE Department, The Hong Kong University of Science and Technology, Hong Kong

ARTICLE INFO ABSTRACT

Keywords:

Bandgap reference

CMOS analog integrated circuits
Internet-of-things (IoT)
Ultra-low power

Curvature compensation
Temperature coefficient

This paper presents a low power bandgap reference (BGR) with 573 mV average output voltage and 0.95-V
minimum supply voltage. Here, the resistor ratio of two types of resistors that have opposite temperature
coefficient (TC) realizes a second-order curvature compensation. In addition, to reduce the supply voltage we
adopt a voltage divider, and we also employ proportional to absolute temperature (PTAT) voltage generators to
reduce the resistor values for low power applications. The proposed BGR fabricated in 65-nm CMOS achieves an
average TC of 57 ppm/°C from 0 to 100 °C with 8 samples. The power dissipation at room temperature is 78 nA

and the power supply ripple rejection (PSRR) is —67 dB at DC with 1.2 V supply.

1. Introduction

BGR has been a critical building block for data converters and
power management ICs. It provides an accurate reference voltage for
voltage sensing or supply voltage regulation. Meanwhile, it needs to be
ultra-low power for the massively deployed internet-of-things (IoT)
nodes. In conventional BGRs, resistors are used to generate a PTAT
current and consequently a PTAT voltage to cancel out the comple-
mentary to absolute temperature (CTAT) portion of the diode voltage.
Therefore, large silicon area is required by the large resistors for low
power in conventional BGRs. Thus, there is a compromise between
power consumption and chip area [1-4]. For example, the BGR in [4]
consumes 490 nA, while the resistors occupy about 80% of the layout
area.

Several new circuit topologies [5-11] have been proposed to
advance the tradeoff between power consumption and chip area. A
resistor-less and ultra-low power BGR was proposed in.

[6], where a nA-level current reference circuit and PTAT voltage
generators based on overdrive voltage differences were used. However,
it may not be suitable for high-precision application for its relatively
larger TC. Another BGR in [7] used the switch capacitor circuits to
eliminate resistors and used charge pumps to reduce the supply voltage,
but the generated PTAT voltage was sensitive to parasitic capacitors
and charge pump output variation, which degraded the TC. Some other
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resistor-less CMOS voltage references [8-10] achieved nW-level power
consumption employing the threshold voltage of a MOSFET, but
suffered from process variations and lost the absolute accuracy. For
instance, a coefficient of variation (defined as the standard deviation
over the mean value) of 7% along with the process was observed in [9].
A current mode BGR with curvature compensation was presented in
[11] for better TC. However, the large resistance requirement for the
current mode topology has limited the area reduction.

In this work, to overcome the above mentioned problems, we
propose a BGR that employs the PTAT voltage generator based on
overdrive voltage differences and uses relatively small resistors only for
curvature compensation. This paper is organized as follows. Section 2
presents the design of the proposed BGR. Section 3 exhibits the
experimental results and the related discussions. Finally, we draw the
conclusions in Section 4.

2. Design of the proposed BGR
2.1. Architecture of the proposed BGR

Fig. 1 shows that the proposed BGR is composed by four parts: the
start-up circuit, the core, the voltage divider, and the PTAT voltage

generator. The core part generates the second-order curvature compen-
sated CTAT voltage Vcrar Then Verar is divided into Vera7/2 by
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Fig. 1. Architecture of the proposed BGR.
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Fig. 2. Voltage versus temperature curves with (a) first-order compensation and (b)
second-order compensation.

the voltage divider for realizing half of the bandgap voltage Vyg/2, with
the advantage of lower supply voltage. Also, the voltage divider reduces
the required number of PTAT stages, thus saves silicon area. Finally, the
cascaded PTAT voltage generators achieve the first-order compensation
for the Vora1/2 and outputs the reference voltage Vrer (about Vgg/
2).

Figs. 2(a) and (b) show the conceptual diagrams of the conventional
BGR and the second-order compensated BGR, respectively. In the
conventional BGR [12], Vgg generated by the bipolar junction transis-
tor (BJT) is first-order compensated by the PTAT voltage AVgp across a
resistor, as Fig. 2(a) shows. Vg is expressed as [13]:

Ve(T) = Vg — [Vp(T) — VBG1§ — - m)V, 1n[§),

r

(€8]

where Vg is the bandgap voltage (about 1.2 V) of silicon extrapolated
at 0K, T, is the reference temperature, n is a temperature constant
depending on the process, m is 1 when the bias current of BJT is a PTAT
current. Whereas, due to the Vg nonlinear term (3 —m)V,In(T/T,) in
(1), a first-order compensation is not adequate for high accuracy. The
nonlinear term of Vgg should be reduced so as to achieve a better TC. In
this design, as shown in Fig. 2(b), we add a resistor voltage on top of
Vg to realize the second-order curvature compensation. Since the
impact of the Vgp nonlinear term decreases, the TC gets better.

r

2.2. Principle of PTAT voltage generator

To save chip area, we adopt the circuit in Fig. 3 for the PTAT voltage
generator [6] that provides a PTAT voltage without using resistor.
When the drain-source current is small and the aspect ratio of MOSFET
is relatively large, the MOSFET tends to operate in the subthreshold
region. When the drain-source voltage Vg of a MOSFET is higher than
100 mV, the subthreshold drain current I, in the MOSFET is simplified
as:

Vos — V4
I, = KIOexp(M),

nVr 2)

I = uCox(n — V2, 3)

where K is the aspect ratio of the MOSFET, p is the carrier mobility, Cox
is the gate-oxide capacitance per unit area, Vo =kgT/q is the thermal
voltage, kg is the Boltzmann constant, T is the absolute temperature, q
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Fig. 3. Schematic of the overdrive voltage based PTAT voltage generator.

is the elementary charge, and Vrz is the threshold voltage of the
MOSFET, and 7 is the constant of the subthreshold slope factor.

As the bias current is small and the aspect ratio of MOSFET is
relatively large, all the MOSFETs in Fig. 3 operate in the subthreshold
region, where the generated PTAT voltage can be derived as:

Kyo
Vorar = Vour = Viv = Vsean — Vs.m2 = 1Vr In) . )
M1

4

where Ky, Ky correspond to the aspect ratios of M;, M,. Therefore,
VpraT is proportional to the absolute temperature with a first-order
term only. Besides, the PTAT voltage generator is biased by Vgias,
which is the output of the amplifier in the core.

2.3. Second-order curvature compensation

Fig. 4 presents the core circuit of the proposed BGR, in which the
Vg is second-order compensated by the voltage across the p-diffusion
resistor Rz. According to the simulation, the high-resistive poly resistor
(Rz, R2) has the negative TC as given in (5), while the p-diffusion
resistor (R3) has a positive TC as given in (6),

R(T) = R(Ty)-[1 = Ki(T = Ty)], 5)

(6)

where R;(Tp) and R3(Tp) are the resistance at reference temperature
To, K7 and K3 are TC constants. In the resistance-temperature simula-
tion, K7 is about 3.5x 10~ * /K and K3 is about 1.5x 10~ % /K. The BJT
current in Fig. 4 is:

I'= (Vgg — V)R =

Ry(T) = Ry(Ty)-[1 + K3(T — Tp)].

V; In N/R,. %)

VDD
Verar
———0
R, Rs
Ry
Vesy Vee1
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Fig. 4. Vgp with second-order curvature compensation.
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Fig. 5. (a) Voltage divider in [6], and (b) the improved voltage divider.

The voltage across Rz is derived as:

Ry(Tp) - [1 + K3+ (T = Tp)]

Ves=1IR; = VyInN- Ry [ =K (T =Tyl
~ S NBB g C kT - KT + (K, + KT
4 Rl 1o 3lo 3 1 ®)

As illustrated in Fig. 2(b), we use the second-order term of Vz3 to
compensate Vgpz. The resistor R3 can be trimmed for better second-
order curvature compensation. The second-order compensated voltage,
VerarTs is connected to voltage divider for dividing the input into half.
Then the divided voltage, Vcra1/2, is first-order compensated by the
PTAT voltage generators.

2.4. Voltage divider

Fig. 5(a) [6] shows a voltage divider adopted for reducing the
supply voltage and power. Thus, the reference output voltage is half of
the bandgap voltage (about 0.6 V). The two NMOS M; and M,,
fabricated in P-well (with deep N-well) with same aspect ratio, have
their bulks connected to their sources to obtain the same threshold
voltage. Assume the gate and substrate leakage currents are small
enough to be neglected, the drain-source currents across M; and M, can
be regarded as equal, and be expressed as:

Ingm = Kloexp(ivcsi,;:m ](1 - exp(_ VDD‘;TVGSZ ))

Ins.yn = K]OGXP(%)-[] - exp(—v‘c/—f)].
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Nevertheless, since Vgs2 and (Vpp — Vgs2) are not equal to each
other and change with temperature and supply voltage, Vgsz is not
exactly the same as Vss2. Therefore, the Vo is not exactly equal to
half Vin. The structure in Fig. 5(a) degrades the TC performance.

We adopt the circuit in Fig. 5(b) to improve the precision of the
voltage divider, by inserting a buffer between the gate and the drain of
M;. In this structure, the lengths and the widths of M; and M, are the
same, with both of the Vpg equal to their Vgg. According to the
simulation, Vgs; and Vgs» change approximately from 350 mV to
250 mV from 0 °C to 100 °C. Thus, the relationship between M; and M,
can be simplified as:

KIOexp(@) = KIOexp(

Vis2 — VTH]
nvr

nvr (10)

Vgs:i = Vgsz = Verar/2 can be deduced. The relationship is
independent of temperature and supply voltage.

2.5. BGR output voltage

Fig. 6 shows the whole BGR, consisting of four parts as mentioned
above. Kps2/Kngg is included in the logarithmic function as Eq. (4).
Hence, Kyz2/Kng7 must be a large value (about one thousand in this
work) to generate a sufficient PTAT voltage to compensate Vera7/2.
To avoid large size ratio between M; and M,, three PTAT voltage
generators are cascaded to realize the first-order compensation. The
reference voltage is:

1
Veer = 3(Vest + Vaz) + Verar

VBG

? an

_ Vs | R KvoKmaKue | .,
===+ 2R1VT In(N) + nVy ln(ileKMy(Ms) ~
The startup circuit detects the positive input of the amplifier A;.
Before the circuit starts up, M,z will pull the Vz;45 down to ground,
which will generate sufficient current to turn on the BGR properly.

2.6. PSRR analysis

In Fig. 6, Vgras, which is the output of the amplifier A, biases the
PTAT voltage generators. As mentioned in [14], the supply ripple at the
output of the amplifier which has a PMOS differential-to-single-ended
current mirror, has roughly the same amplitude at the supply. The
supply ripple can be treated as a common-mode signal at the gate and
the source of Mpg, Mpo, Mpyo. Therefore, the structure reduces the
feedthrough of the power ripple from the supply.

Fig. 7(a) presents the self-biased amplifier A; in the core circuit.
Mp;, Mp,, and Mps are high threshold voltage devices, while Mps and

9 . . . .
® Mp, are low threshold voltage devices. Since the ripple coming from the
biasing branch affects Vx;, Vx- and Vy;, Vy» in a common-mode
Startup Core Part Half Voltage Divider PTAT Voltage Generator
~ ~N ~ ~ ~
VDD
Mes Lh Vains |I“I Me?
MPll MPIZ —|I II—
{I | J Buffer
Mps3 M,EII— +
< -<
SR SR I—M|
Mpss A N8
<
HENZZ:E Ry
M4 Mp22! I— e Mo
i T
GND

Fig. 6. Full schematic of the proposed BGR.
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Fig. 7. (a) Self-biased amplifier (A;), and (b) its simplified schematic, and (c) the small signal PSRR model.

form, then, the effect of the ripple from the biasing branch can be
ignored. Fig. 7(b) shows the simplified schematic of A;. R, represents
the series channel resistance of Mp, and Mp4. R, represents the channel
resistance of My4 and Mys. Besides, 1/g,, is the diode-connected PMOS.

resistance, which is negligible when compared with Rp. Fig. 7(c)
shows the small signal PSRR model of the amplifier. The current source
irp models the current mirror. The small signal of the output of the
amplifier, namely Vp;qs, is expressed in (12):

Viias = Vdd(R R, ) + igp(R,IIR)

~ Ry Vad
NVdd(R“Rb) + (R IRy) = V. a2

Because the gate and the source voltages of Mpg, Mpg and Mpio
change simultaneously in the same direction and with approximately
the same amplitude, the feedthrough of the supply ripple is cancelled.

3. Experiment results

Since the current in the output branch is relatively small (about
6 nA) to drive the measurement equipment which has about 1 MQ input
impedance, an output buffer with independent supply voltage is
essential for the measurement, as shown in Fig. 6. The buffer is
carefully designed with large size for reducing the input offset voltage,
and the TC of the buffer's offset voltage only contributes a small portion
to the TC of the BGR. All the measured and simulated data of the BGR

190um
LR 4"1‘.. WELAY SN hl LV

Amoplifier §

Startup &

wnQte

Fig. 8. Micrograph of the BGR chip.
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Fig. 9. Reference voltage as a function of temperature.

include the effect of this buffer. Fig. 8 shows the micrograph of the
proposed BGR. The overall BGR chip area is 0.036 mm? (excluding the
buffer for testing). We measured eight samples from the same batch
without trimming. At room temperature, the total current is about
78 nA. Besides, the average reference voltage of the eight chips is
573 mV, with a coefficient of variation of 0.82%.

Fig. 9 shows the sub-BGR voltage as a function of temperature
ranging from 0 °C to 100 °C, with 0.95 V supply. The average TC of the
eight chips is 57 ppm/°C and the worst case is 120 ppm/°C, which can
be further improved by trimming. Trimming can be realized with two
steps: nonlinear trimming and linear trimming. The first step is for the
nonlinear trimming, which adjusts the resistor Rz shown in Eq. (11) to
reduce the nonlinear term of Vygr. The second step is for the linear
trimming, by adjusting the size of the differential pairs to reduce the
linear term.

To observe the effectiveness of the curvature compensation, we
mathematically add a coefficient nV7In(AK) to the Vgygr curve to
imitate the linear trimming, where AK is the change of the size ratios
of differential pairs in the PTAT voltage generator. In the differential
pairs of the PTAT voltage generator, the finger of MOSFET that has the
same aspect ratio is different, which generates the PTAT voltage. The
normal size ratio of the differential pair M5 and Mg in Fig. 6 is 2/16 (1/
8). In the mathematical linear trimming, we assume the finger number
of Ms is adjustable from 2 to 4 with a step size of 1 (2 trimming bits)
while the finger number of the M6 is adjustable from 8 to 64 with a step
size of 1 (6 trimming bits). Therefore, the size ratio of Ms and Mg could
be changed from 4/8 (1/2) to 2/64 (1/32), which means the trimmable
PTAT voltage generator could compensate the maximum voltage
variation of about = 18 mV from 0 °C to 100 °C. The mathematical
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Fig. 11. Reference voltage at three different supply voltages.

trimming is achieved by two temperatures points (the maximum and
the minimum), and the trimmed TC in Fig. 10 shows that the average T
C is 6.6 ppm/°C, which means that the proposed second-order compen-
sation method indeed contributes to the reduction of the nonlinear term
of Vgag.

Fig. 11 shows the TC at three different supply voltages (0.95, 1.2,
and 1.8 V) from 0 °C to 100 °C. The BGR can operate properly when the
supply voltage is larger than 0.95 V. Fig. 12(a) plots the measured PSRR
of the BGR circuit with output buffer. To reduce the noise and improve
the PSRR, a 12 pF on-chip decoupling capacitor is added to the node of
the output of the PTAT voltage generator while considering a reason-
able chip area and start-up time. With 1.2 V supply, the measured PSRR
is about —67 dB at DC. The decoupling capacitor at the output of the
BGR causes the falling of PSRR at 7 kHz. Meanwhile, the gate of the
PMOS current mirror Vgzas in Fig. 7(a) is a high-resistive node, and the
parasitic capacitor between the supply and V745 causes a PSRR rise at
about 200 kHz, of which the effect coincides with the post-layout PSRR
simulation shown in Fig. 12(b). Fig. 13 is the post-layout simulation of
the noise with/without the decoupling capacitor, which shows the
noise at 100 Hz is 3.47 pV/\/Hz. Besides, the startup time is 250 us in
the post-layout simulation result.

Table 1 exhibits the performances of the proposed BGR compared
with that of the state-of-the-art works. The average TC of 57 ppm/°C
from 0 °C to 100 °C without trimming is still a competitive performance,
with such low power consumption.

and small chip area. Based on the mathematical calculation (with
linear trimming), the TC can be only 6.6 ppm/°C. When compared with
the CMOS voltage reference based on Vg, the coefficient of variation
(0.82%) in the proposed BGR is smaller.
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Fig. 12. (a) Measured PSRR of the BGR, and (b) post-layout simulation of PSRR with/
without a 12 pF decoupling capacitor.
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Fig. 13. Post-layout simulation result of noise with/without a 12 pF decoupling
capacitor.

Since the number of samples is limited, to further illustrate the
process variation of Vg g and the curvature compensation method, 300
runs of post-layout Monte Carlo simulation results of Vrgr and TC are
provided in Fig. 14. The Monte Carlo simulation results shown in
Fig. 14 include the process variation and mismatch of the whole circuit,
which composes of the BGR circuit and the output buffer. Thus, the
buffer offset voltage is also included in the results. Compared to the
voltage reference based on Vg, the coefficient of variation of this
circuit has a better result of 1.78%. Besides, an untrimmed average TC
of 17 ppm/°C with a standard deviation o of 11.5 ppm/°C is observed,
which further verifies the effectiveness of curvature compensation
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Table 1
Comparison with other low power BGR designs.

Microelectronics Journal 63 (2017) 35-40

Parameter This work [61 [71 [9] [10] [11]
Technology 65 nm 0.18 um 0.13 um 0.35 um 0.13 um 90 nm
Type Sub-BGR Sub-BGR Sub-BGR Vorer Ve Sub-BGR
Min. supply voltage (V) 0.95 0.7 0.5 1.4 0.5 1.15
Vier (mV) 573 548 0.5 745 85.5 720
Average TC (ppm/°C) 57 (6%) 114 75 7 52.5 53.1
Temperature range (°C) 0-100 —40-120 0-80 —20-80 0-100 0-100
Area (mm?) 0.036 0.0246 0.0264 0.055 NA 0.028
Power consumption (£W) 0.074 0.0525 0.032 0.3 0.015 0.58
Coefficient of variation (%) 0.82 1.05 0.67 7 4.7 1.3
PSRR (dB) —67@DC —56@100 Hz —40@DC —45@100 Hz —70@100 Hz —51@DC
*The mathematically trimmed result.
100 — T T T T T T T 1 generator are cascaded to realize the first-order compensation with less
b H=602.1 mV b chip area. When compared with other curvature-compensated BGRs,
80 — o=10.7 mV - the proposed BGR manages to use small values of resistors and realize
" | — — - 1.78% the curvature compensation with low power. The measured average TC
9 60 - _ o/u=1.78% _ is 57 ppm/°C, which can be further improved by trimming the resistor
S and the aspect ratios of the differential pairs in the PTAT generators.
5 N -
S 404 7 Acknowledgments
o i i
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Fig. 14. Monte Carlo simulation of 300 runs.
method as well.
4. Conclusions

A BGR circuit implemented in a 65 nm process has been presented
in this work, in which the tradeoffs between chip area, power
consumption, and TC are considered. Two types of resistors with
opposite TC are used for second-order curvature compensation. In
addition, to operate lower supply voltage, the proposed voltage divider
more precisely divides the second-order compensated Vcra 7 into half.
For reducing the resistor values, three stages of the PTAT voltage
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