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SUMMARY  This paper describes a programmable differential bandgap
reference (PD-BGR) for ultra-low-power IoT (Internet-of-Things) edge node
devices. The PD-BGR consists of a current generator (CG) and differential
voltage generator (DVG). The CG is based on a bandgap reference (BGR)
and generates an operating current and a voltage, while the DVG generates
another voltage from the current. A differential voltage reference can be
obtained by taking the voltage difference from the voltages. The PD-BGR
can produce a programmable differential output voltage by changing the
multipliers of MOSFETs in a differential pair and resistance with digital
codes. Simulation results showed that the proposed PD-BGR can generate
25- to 200-mV reference voltages with a 25-mV step within a +£0.7% tem-
perature inaccuracy in a temperature range from -20 to 100°C. A Monte
Carlo simulation showed that the coefficient of the variation in the reference
was within 1.1%. Measurement results demonstrated that our prototype
chips can generate stable programmable differential output voltages, almost
the same results as those of the simulation. The average power consumption
was only 88.4 nW, with a voltage error of —4/4+3 mV with 5 samples.

key words:  Internet-of-Things (IoT), Bandgap voltage reference, Pro-
grammable reference, Differential voltage reference,

1. Introduction

Ultra-low-power analog, digital, and mixed-signal CMOS
LSIs are strongly required to realize next-generation IoT
(Internet-of-Things) edge node devices [1]-[6]. They will
have the power to change the world we live in. Voltage
references (VRs) are one of basic and important circuit
building blocks for processing analog signal information
and converting physical information into digital form. They
are used in various circuits, such as analog-to-digital Con-
verters (ADCs), digital-to-analog Converters (DACs), power
management circuits (PMCs), low-dropout linear regulators
(LDOs), and versatile sensor interface circuits. Therefore,
we must develop ultra-low power and high precision VRs for
such IoT edge node devices.

Various VRs capable of operating with nano-watt (nW)
power, or less, have been investigated [7]-[13]. The refer-
ence voltages of these VRs are based on the bandgap voltage
of silicon (Vggr) [7], [8], threshold voltage (V) of a MOS-
FET [9], [10], and threshold voltage difference (AVry)[11]-
[14]. However, almost all of them are realized in a single-
ended configuration, so differential or programmable VRs
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have not been adequately considered. A differential and
programmable VR could be useful and advantageous, es-
pecially when it must directly interface itself with other
differential circuit blocks [15]-[22]. This would lead to a
superior noise-immunity and high process-stability for the
overall system. In addition, such VRs can be utilized for
generating functional and intelligent temperature sensor cur-
rent [23]-[25]. In the studies, two reference voltages that
have a constant voltage difference are required to generate a
sensor signal. However, these voltages are supplied from an
off-chip voltage source. Thus, an on-chip differential VR is
required. Some programmable differential VRs have been
reported [19], [20]. However, the generated output voltages
are higher than 1 V and power consumption is in the order
of several tens of microwatts. Thus, they have difficulties in
low-voltage and low-power operation.

In light of this background, we present a low-
voltage programmable differential bandgap reference (PD-
BGR)with nano-watt (nW) power consumption. The PD-
BGR consists of a current generator (CG) and differential
voltage generator (DVG) [29]. The CG is based on the
bandgap reference (BGR) [7] and generates a reference cur-
rent and a voltage, and the DVG generates another voltage
from the current. A differential voltage reference Vrgrp
can be obtained by taking the voltage difference from these
two voltages. Our proposed circuit can also produce a pro-
grammable differential voltage Vrgrp by changing the multi-
pliers of MOSFETs in a differential pair and resistance with
digital codes. The proposed PD-BGR can generate 25- to
200-mV programmable differential output voltages with a
25-mV step. In contrast to our previous work [29], here, we
describe circuit operation in more detail and conduct chip
measurements fabricated with a 0.18-um standard CMOS
process technology.

This paper is organized as follows, Sect. 2 presents the
proposed PD-BGR, Sect. 3 shows the results of simulations
and measurements, and Sect. 4 concludes the paper.

2. Programmable Differential Bandgap Reference

2.1 Characteristics of Subthreshold MOSFET and Bipolar
Transistor

Before explaining our proposed PD-BGR architecture and
its operation principle, we first briefly summarize the char-
acteristics of the subthreshold current /p of a MOSFET and
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Fig.1 Block diagram of our proposed differential bandgap reference
(©2023 IEEE [29]).

base-emitter voltage Vg of a bipolar transistor as follows.
The subthreshold current Iy when the drain-source volt-
age Vps exceeds 0.1 V is expressed as

Ves — VTH) )
nVr ’

Ip = Klyexp (
where K is the transistor aspect ratio, Iy = /JCO)(V%(U -1
is a process-dependent parameter, u is the carrier mobility,
Cox is the gate-oxide capacitance, Vr is the thermal voltage
(Vr = kgT/q), n is the subthreshold swing parameter, kp is
the Boltzmann constant, 7 is the absolute temperature, g is
the elementary charge, Vs is the gate-source voltage, and
Vg is the transistor threshold voltage [26].

Regarding the bipolar transistor, in standard CMOS
technology, the transistor generates a Vg when it accepts
a bias current Ig. The Vg is expressed as

Is+1 I
Veg = Veln [222B ) ~ vemn [ 2], 2)
Is Is

where I is the saturation current of a bipolar transistor [26].
For the first order approximation, Vg decreases linearly with
the temperature when we use a small temperature dependent
bias current Igras. Thus, Eq. 2 can be simplified as

VB = VBor — ¥T, 3)

where Vpgr is the bandgap voltage of silicon (i.e., ~1.2 V)
and v is the temperature coefficient of Vgg. In actual design,
there will be higher order nonlinearities in the Vg, but we
consider the nonlinearities to be small compared with the
first order temperature characteristics.

2.2 Architecture and Operation Principle

Figure 1 shows a block diagram of our proposed PD-BGR
consisting of a current generator (CG) and differential volt-
age generator (DVG). The CG generates a reference current
Irgr and voltage Voyti. The DVG accepts the Irgr and
Vouri, and generates Voyre. A differential voltage refer-
ence Vrepp can be obtained by taking the voltage difference
between Voyuti and Vours, or
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Fig.2  Schematic of our proposed PD-BGR (©2023 IEEE [29]).

Vrerp = Vout2 — Vouri- @

Figure 2 shows a schematic of our proposed PD-BGR.
To achieve low-power and robust operation, a bandgap ref-
erence circuit proposed by Banba etal. is used as the CG
[7] (start-up circuit is not shown). The area ratio of bipolar
transistors Q; and Q; and resistors Ry, Ria, and Rg are set
tol : M and Ry = Ria + RB, respectively, as shown in
Figure 2. The current Irgr flowing in the CG and the output
voltage Vour are given by

VBEI N VBEI — VBE2
R, R, ’
Rip

Vi = ——VBE]- 6
OUTI = TR, VBEI (6)

&)

IRgr

By substituting Eqs. 2 and 3 into Eq. 5, Irgr is expressed as

_Veor T VrIn(M)

7
Ry Ry Ry ™

IREF
As shown in Eq. 7, the temperature dependence of Irgr can
be made small because those of the second and third terms
are negative and positive, respectively [7].

The DVG accepts the Irgr and Voyti as shown on the
right in Figure 2. The DVG consists of a differential pair
circuit M;—Mj,, nMOS current mirror circuit, and resistor
R3. The multipliers of transistors M; and M, are set to
K, and K>, respectively. The current gain of the nMOS
current mirror is set to 1 : 1, and thus, currents flowing in
transistors M; and M, become Iggr/2. Under this condition,
the differential output voltage Vrgrp can be expressed as

Vrerp = Vour2 — Vouri
IREF
= Vgs1 — Vas2 + R3T’ 3
where Vgs1 and Vis) are the gate-source voltages of M and
M,, respectively. With Eqs. 1 and 7, the Vrgrp can be
rewritten as

IRgr/2
Kl

I 2
)—VTH2—77VT In (ﬂ)

Vi = Vrm+nVrl
REFD TH1 VT n( Kol
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(d)

Fig.3  Schematic of programmable DVG: (a) programmable DVG core, (b) M; (I-bit), (c) M, (m-bit),

and (d) Rz (n-bit) (©2023 IEEE [29]).
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where AVry is the threshold voltage difference between M,
and M; in the differential pair and can be ignored when we
use large-size MOSFETs and careful design techniques such
as a common centroid layout [27] . Thus, Eq. 9 can be
simplified to

R3 YR3

VREFD = 2_RlVBGR - 2_RlT

K> R; kg

From Eq. 10, a zero temperature coefficient of Vrgrp can be
obtained by designing the aspect ratios and resistors, or

dVREFD YR3 K> R3 kg
GVREFD _ Y73 o [22) ¢ B ppan V2B
dT 2R, {'7 “(Kl) T )} p

=0. an

Therefore, with the condition where Eq. 11 is satisfied, we
obtain temperature compensated VRgrp as

R;
VREFD = Z_RIVBGR~ (12)

2.3 Programmable DVG

As shown in Egs. 11 and 12, we can obtain programmable
VrerD by changing the ratio of R and R3 with a combination
of Ry, R3, Ky, K>, and M. In this work, we design the
reference current Igxgr to be constant (i.e., Ry, Ry, and M

Table 1  Design parameters for PD-BGR.
Veerp V) [ K1 [ K> [ Rz (MQ)
25 64 78 2.3
50 32 45 4.8
75 64 | 102 7.3
100 32 59 9.7
125 32 69 12.3
150 64 | 150 14.9
175 32 89 17.3
200 32 | 102 19.8

are set constant) and then control Vrgpp by changing K1, K>,
and Rj3 in the DVG.

Figure 3(a) shows a schematic of a programmable DVG
core circuit. The multipliers of M; and M, and the resistance
of R3 are controlled by digital control signals of s1[/—1 : 0],
sp[m —1:0], and s3[n — 1 : 0]. Figures 3(b), 3(c), and
3(d) are detailed schematics of M, M», and R3. For M; and
M,, the same size transistors are connected or disconnected
in parallel using switches and /- and m-bit control signals.
With that, we can change the multipliers of M; and M.
For Rz, R3 is divided into n-th segment resistors, and the
appropriate resistance is chosen using switches and n-bit
control signals.

3. Results
3.1 Simulation results

The performance of the proposed PD-BGR was evaluated
by SPICE with a set of 0.18-um standard CMOS process
parameters. In this work, the resistors Ry, Ry, Ria, R, and
M were set to 59.6, 7.05, 32.8, 26.8 M, and 8, respectively.
The number of digital control bits was setto [ =2, m = 8§,
and n = 8. Table 1 lists the design parameters K, K», and
Rj for the PD-BGR, where K| and K, are the multipliers of
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Fig.4 Simulated Voyt; and Voure when VRgpp was set to 100 mV
(©2023 IEEE [29]).
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Fig.5  Simulated programmable VRgrp. VREpD Was set to 25 — 200 mV
with 25-mV step (©2023 IEEE [29]).

M1 and Mz.

Figure 4 shows the simulated Voyr; and Vours as a
function of temperature in the range of —20 to 100°C, when
Vrerp was set to 100 mV. The voltages decreased as the
temperature increased. However, the Vrerp = VouTt2 —Vouri
was kept almost constant at 100 mV.

Figure 5 shows the simulated Vrgpps in the same tem-
perature range. The Vrgpps were set to from 25 to 200 mV
with a 25-mV step. Almost constant VRgpps were obtained.
Figure 6 shows the temperature inaccuracy, derived from
Figure 5. Our PD-BGR achieved high accuracy, within a
+0.7% inaccuracy.

We also performed a Monte Carlo simulation assum-
ing die-to-die (D2D) global variations and within-die (WID)
random mismatch variations in all MOSFETs and resistors
[27],[28]. The results for 1,000 runs, when the Vgrggp was
set to 100 mV, are depicted in Figure 7. The average value u
and standard deviation o of VRgpp, in the temperature range
from —20 to 100°C were 100 and 0.87 mV, respectively. The
coefficient of variation (CV= o /u) was 0.87%. Table 2
summarizes the characteristics of the simulated temperature
coeflicient (TC) and Monte Carlo simulation results of our
proposed PD-BGR. In the simulation, we confirmed a highly
stable PD-BGR, thanks to the reference circuit based on the
bandgap voltage reference.
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Fig.7  Distribution of VRgrp When VRgpp was set to 100 mV, as obtained
from Monte Carlo simulation of 1,000 runs (©2023 IEEE [29]).

Table 2  Simulated TC and Monte Carlo simulation results.
VRerp (mV) [ TC (ppm/°C) [ p(mV) | o (mV) | o/u(%)
25 100 25.0 0.29 1.10
50 28.1 50.0 0.44 0.88
75 11.9 75.0 0.63 0.83
100 15.8 100 0.87 0.87
125 24.4 125 1.06 0.85
150 44.0 150 1.28 0.86
175 35.6 175 1.48 0.85
200 40.5 200 1.75 0.88

We consider the stability of the PD-BGR. As shown in
Eq. 11, the variation of the TC will mainly come from the
second term, or the characteristics of the DVG, because the
first and third terms are basically stable and determined by
the BGR-based CG. To investigate the effect of the process
variation on the TC, we performed the Monte Carlo simula-
tion again. Figure 8 shows the simulated average TC with
different sizes of unit transistor in the DVG. We set the chan-
nel width (W) (um) and length (L) (um) of the unit transistor
of M1 and M2 as W/L = 1/1, 3/3, and 5/5, respectively.
The simulated average TC decreased as the unit transistor
size increased. The TC can be made small, 15.8ppm/°C,
when we used the unit transistor size of W/L = 5/5.
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Fig.9  Chip micrograph.
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Fig.10  Measured Voyr and Voyrz when VRgpp was set to 100 mV.

3.2 Measurement results

The proposed PD-BGR was fabricated with a set of 0.18-um
CMOS process technology. Figure 9 shows the chip micro-
graph. The total area of our proposed PD-BGR including
the digital backend is 0.438 mm?.

Figure 10 shows the measured Voyr; and Voyr» in the
temperature range of —20 to 100°C, when the Vrgrp was set
to 100 mV. We also plotted the simulation results with gray
color. The measured output voltages were almost the same
as the simulation results, even though the errors from the
simulation results increased as the temperature increased.
However, the Vrerp = Vout2 — Vouri was kept almost con-
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Fig.11  Measured programmable VRgpp as a function of temperature.
VREFD Was set to 25 — 200 mV with 25-mV step.
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Fig.12 Measured VRgpp inaccuracy as a function of temperature when
VREFD Was set to 100 mV.

stant at 100 mV. The temperature errors in Voyr and Voyute
were canceled by the voltage subtraction.

Figure 11 shows the measured Vrgpp for 5 samples in
the same temperature range. As in the simulation, the VRgrps
were set to from 25 to 200 mV with a 25-mV step. We ob-
tained almost the same voltages as the simulation results.
Figure 12 shows the temperature inaccuracy, when VRgrp
was set to 100 mV. The inaccuracy was larger than expected
(see Fig. 6). This was because of the process variations.
However, the absolute value of Vrgpp and its temperature
dependence could be trimmed by the digital control tech-
niques. As discussed in Sect. 2, the output reference voltage
Vrerp is given by Eq. 12 when Eq. 11 is satisfied. Therefore,
the absolute value of Vrgpp can be trimmed by R; and Rj3,
and its temperature characteristics can be compensated by
R», K1, K>, and M. If we develop binary-weighted control
techniques for these parameters, it will be possible to trim
the Vrerp more accuracy. In this design, we designed the
PD-BGR by changing three parameters, K, K», and R3, as
shown in Tab. 1. In this case, one possible trimming method
is the use of parameters not in use for the Vrgpp program.
That s, trimming of the absolute value and temperature char-
acteristics can be performed by R; and R», respectively.

Figure 13 shows the measured temperature inaccuracy
for all Vrerps. The measured temperature inaccuracy was
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kept within 1% except for VrRgrp =25 mV in the temperature
range from 20 to 80°C, but became worse at high temperature
above 80°C. The reason for the degradation could be leakage
current of MOSFETs. The temperature inaccuracy for Vrerp
=25 mV was quite large even though the voltage spread of
VReED =25 mV was comparable to others as shown in Tab. 3
(see MAX and MIN values in Tab. 3 ). One possible reason
for this could be that the denominator of the temperature
inaccuracy itself was low of Vrgrp = 25 mV.

Table 3 summarizes the measured Vrgrps and TCs for
5 samples. The measured TCs had larger errors than the
simulation results. The errors became large when the tem-
perature was over 80°C, or when VRgrp was set to 25 mV.
When the temperature became over 80°C, leakage current
from the body to the source of the MOSFET increased sig-
nificantly and this caused the voltage errors. The effect of
the leakage current could be large for the small Vrgpp of 25
mV.

Figure 14 shows the measured Vrgrp as a function of
power supply voltage Vpp in the range from 1.0 to 1.8 V
when Vrerp was set to 100 mV. Simulated Vggrp was also
plotted for comparison. Our proposed circuit can operate
at higher than 1.2 V. The line regulation (LR) is given by
LR = AVrgrp(mV)/AVpp(V), where AVrggp is the refer-
ence voltage change in the supply voltage change AVpp. The
measured LR was 2.64 mV/V. We obtained the stable VrRgrp
in the supply voltage range from 1.2 to 1.8 V.

Table 4 summarizes the characteristics of our PD-BGR
in comparison with other CMOS differential BGRs in [14]—
[20]. Our proposed PD-BGR can generate 25- to 200-mV
reference voltages with a 25-mV step. The measured inaccu-
racy was —4/+3 mV for 5 samples. The power consumption
is the lowest, 88.4 nW. These significant achievements come
from our proposed voltage reference architecture. As shown
in Eq. 10, the reference voltage Vrgrp can be obtained by not
only the conventional bandgap voltage reference circuit ar-
chitecture, but also the proposed differential pair circuit con-
sisting of MOSFETs operating in the subthreshold region.
By using these, we can obtain compact and low-voltage pro-
grammable output reference voltages with nano-watt power
consumption.
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Table3 Measured VRgpps and TCs among 5 samples.

VREFD Measured VREFD (mV) TC (ppm/°C)
(mV) u [ o [ MAX [ MIN 7] [ MAX [ MIN
25 24.1 | 0.31 25.0 22.3 | 688 753 649
50 49.0 | 045 49.9 47.9 191 213 176
75 73.9 | 0.60 75.1 73.1 | 46.7 70.5 31.8
100 98.9 | 0.78 100 97.7 | 61.5 99.1 39.1
125 124 | 0.96 126 122 111 144 85.1
150 149 | 1.09 152 147 136 156 119
175 174 | 1.27 178 172 162 188 139
200 199 | 1.43 203 196 176 200 152

100
; Vrero
€ 90
Nt
o
i
>
80
] 1 1 ] 1
1.0 1.2 1.4 1.6 1.8
VDD (D)
Fig.14 Measured VRgpp as a function of power supply voltage Vpp

when VRgpp was set to 100 mV.

4. Conclusion

We presented a PD-BGR consisting of a CG and DVG. The
CG generates a current and a voltage, while the DVG gen-
erates another voltage from the current. A differential ref-
erence voltage can be obtained by taking the voltage dif-
ference from the voltages. The PD-BGR can produce a
programmable differential output voltage by changing the
multipliers of MOSFETs in a differential pair and resistance
with digital codes. Simulation results showed that our pro-
posed PD-BGR can generate 25- to 200-mV reference volt-
ages with a 25-mV step within a +0.7% inaccuracy in a
temperature range from -20 to 100°C. A Monte Carlo sim-
ulation showed that our circuit was robust against process
variation and that the CV of the Vrgrp was less than 1.1%.
Measurement results demonstrated that our prototype chips
can generate stable programmable differential output volt-
ages. The average power consumption was only 88.4 nW,
with a voltage error of —4/43 mV with 5 samples.
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Table 4  Performance summary and comparison.
Ref. [ 051 [ el [ 071 [ 04 [ 18l [19] [ [20] [ This work
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Programmable NO NO NO NO NO YES YES YES
VRrErD (V) 2.48 2.01 1.01 0.01 0.315 1.22/2.00/2.80 | 1.25/2.05/2.88 2(5250m2\9(s)t:11>\)/
o (mV) 24 5.5 NA NA NA +5, 7, £11 08/2/25 (see Tab. 3)
Power 6mW | 22mW | 0.98 mW 4.6 uW 36 uW 63 uAt 50 uAt 88.4 nWT
TC (ppm/°C) 20.9 115 20 25 89.3 28/36/38 <13/38/38 (see Tabs. 2 and 3)
LR (mV/V)itt 0.45 NA NA NA 2.9 NA NA 2.64%F
Meas./Sim. Meas. Meas. Sim. Sim. Meas. Sim. Meas. Meas.
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