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A 300 nW, 15 ppm/°C, 20 ppm/V CMOS
Voltage Reference Circuit Consisting
of Subthreshold MOSFET's

Ken Ueno, Student Member, IEEE, Tetsuya Hirose, Member, IEEE, Tetsuya Asai, Member, IEEE, and
Yoshihito Amemiya

Abstract—A low-power CMOS voltage reference was devel-
oped using a 0.35 pym standard CMOS process technology. The
device consists of MOSFET circuits operated in the subthreshold
region and uses no resistors. It generates two voltages having
opposite temperature coefficients and adds them to produce an
output voltage with a near-zero temperature coefficient. The
resulting voltage is equal to the extrapolated threshold voltage
of a MOSFET at absolute zero temperature, which was about
745 mV for the MOSFETSs we used. The temperature coefficient
of the voltage was 7 ppm/°C at best and 15 ppm/°C on average, in
a range from —20 to 80°C. The line sensitivity was 20 ppm/V in
a supply voltage range of 1.4-3 V, and the power supply rejection
ratio (PSRR) was —45 dB at 100 Hz. The power dissipation was
0.3 W at 80°C. The chip area was 0.05 mmZ. Our device would
be suitable for use in subthreshold-operated, power-aware LSIs.

Index Terms—CMOS, voltage reference, ultra-low power, sub-
threshold, weak inversion, process variation, die-to-die variation,
power-aware LSIs.

1. INTRODUCTION

NE of the promising areas of research in microelectronics
O is the development of ultra-low power LSIs that operate
in the subthreshold region of MOSFETs, i.e., a region at which
the gate-source voltage of MOSFETs is lower than the threshold
voltage [1], [2]. Such LSIs would be suitable for use in power-
aware LSI applications such as portable mobile devices, im-
plantable medical devices, and smart sensor networks [3]. These
devices have to operate with ultra-low power, e.g., a few mi-
crowatts or less [3]-[5] because they will probably be placed
under conditions where they have to get the necessary energy
from poor energy sources such as microbatteries and environ-
mental energy sources [6]. As a step toward such LSIs, we first
need to develop a voltage reference circuit that can operate with
an ultra-low current, several tens of nanoamperes or less. To
achieve such low power operation, the circuit has to be oper-
ated in the subthreshold region of MOSFET.
A voltage reference is one of the important building blocks
for analog, digital, and mixed-signal circuit systems in micro-
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electronics. It generates a constant reference voltage for other
various components such as operational amplifiers, compara-
tors, and AD/DA converters. For this purpose, bandgap refer-
ence circuits with CMOS-based vertical bipolar transistors are
conventionally used in CMOS LSIs [7], [8]. However, they need
resistors with a high resistance of several hundred megaohms
to achieve low-current, subthreshold operation. Such a high re-
sistance needs a large area to be implemented, and this makes
conventional bandgap references unsuitable for use in ultra-low
power LSIs. Therefore, modified voltage reference circuits for
low-power LSIs have been reported (see [9]-[13]). However,
these circuits have various problems. For example, their power
dissipations are still large, and their outputs voltages are sensi-
tive to supply voltage and temperature variations; these are quite
inconvenient for practical use in ultra-low power LSIs. More-
over, the effect of the process variations on the reference voltage
was not discussed in detail.

To solve these problems, we developed a new voltage ref-
erence that can operate with sub-microwatt power dissipation
and has less temperature sensitivity and a smaller line sensi-
tivity [14] than the reported works [9]-[13]. Our device con-
sists of subthreshold MOSFET circuits and uses no resistors. It
generates two voltages having opposite temperature coefficients
(TCs), i.e., a MOSFET threshold voltage with a negative TC
and a multiple of the thermal voltage with a positive TC, and
adds them to produce an output voltage with a zero TC. The
output voltage is equal to the threshold voltage of a MOSFET at
0 K and is about 745 mV for MOSFETs we used. The voltage
is quite insensitive to temperature and the supply voltage vari-
ations, although its value fluctuates with process variation. By
utilizing the nature of the reference voltage, which changes with
the process conditions of threshold voltage in each LSI chip, the
circuit can be used as an elementary circuit block for on-chip
process compensation systems. The following sections provide
the details on our device. Section II describes the principle of
our voltage reference and discusses the effect of process vari-
ations. Section III explains the method of designing the circuit
with a SPICE simulator. Section IV shows the characteristics of
a prototype device we made using a 0.35 pm standard CMOS
process technology. A small TC of 7 ppm/°C and a line sensi-
tivity of 20 ppm/V were achieved.

II. CIrRcUIT CONFIGURATION

The principle of our voltage reference circuit is illustrated
in Fig. 1. The circuit consists of a current source subcircuit

0018-9200/$25.00 © 2009 IEEE
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Fig. 1. Schematic of our voltage reference circuit.

and a bias-voltage subcircuit. The current source subcircuit is a
modified § multiplier self-biasing circuit that uses a MOS re-
sistor My instead of ordinary resistors. It generates a current,
Ip. The bias-voltage subcircuit accepts current Ip through
pMOS current mirrors and produces an output voltage (i.e.,
reference voltage), Vrrr. The bias-voltage subcircuit consists
of a transistor (My) and two source-coupled pairs (M3—Mg
and M;-My). The gate-source voltages of Ms—My7 in the
bias-voltage subcircuit and My; in the current source subcir-
cuit form a closed loop [15], [16]. All the MOSFETsS except for
Mg are operated in the subthreshold region. The MOS resistor
Mg is operated in a strong-inversion, deep-triode region. The
circuit generates two voltages with a negative TC and a positive
TC and combines them to produce a constant voltage with
a zero TC. The following sections describe the operation in
detail.

A. Operation Principle

The subthreshold drain current I of a MOSFET is an expo-
nential function of the gate-source voltage Vs and the drain-
source voltage Vpg, and given by

Ip = KIyexp <M)
nVr
X | 1—exp —@
Vi ’
Iy = pCox (n — 1)Vr?, ey

where K is the aspect ratio (= W/L) of the transistor, p is
the carrier mobility, Cox is the gate-oxide capacitance, V(=
kpT/q) is the thermal voltage, kp is the Boltzmann constant, T’
is the absolute temperature, and q is the elementary charge, Vg
is the threshold voltage of a MOSFET, and 7 is the subthreshold
slope factor [1], [17]. For Vps > 0.1 V, current Ip is almost
independent of Vg and given by

Vas — VTH)

2
nVr @

Ip = KIoeXp<
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In the current-source subcircuit, gate-source voltage Vg in
M; is equal to the sum of gate-source voltage Vg2 in Mo and
drain-source voltage Vpsgri in Mgy, i.e.,

Vas1 = Vas2 + Vbpsri - 3)
Because currents Ip in My and in My are equal to each other,
(3) can be rewritten as
Vbsr1 = nVrIn(K2/Ky). “4)
MOS resistor My, is operated in a strong-inversion, deep-triode
region, so its resistance Rz, is given by
1
Kr11Cox (Vrer — Vrn)'

From (3), (4), and (5), we arrive at the expression

(&)

Ry =

Vbsri
Ip =
"7 Rarn,
= Kr1pCox(Vrer — Vou)nVrIn(K2 /K1)  (6)

for current Ip. In the bias-voltage subcircuit, the gate-source
voltages (Vg3 through Vgg7) of the transistors form a closed
loop, and the currents in M4 and Mg are 3/p and 2/p. There-
fore, we find that output voltage Vrgr of the circuit is given by

Vrer = Vasa — Vass + Vase — Vass + Vasr

2K3 K5
=V Vrl
Gs4 T NVT n<K6K7>
3lp 2K3 K5
=V Vrl Vil 7
T+ V1 H<K4IO)+7] T H(K6K7> @)

where we assumed that the mismatch between the threshold
voltages of the transistors can be ignored. Equation (7) shows
that VRer can be expressed as a sum of the gate-source voltage
Vs4 and thermal voltage Vi scaled by the transistor sizes. Be-
cause Vg has a negative TC and V7 has a positive TC, output
voltage Vrgr with a zero TC can be obtained by adjusting the
size of the transistors.

The temperature dependence of the threshold voltage can be
given by

Vra = Vrno — 6T ()
where Vg is the threshold voltage at O K, and « is the TC of

Vg [18]. Equations (6) and (8) show that output voltage Vrep
can be rewritten as

Vrer = Vrno — 6T

61K p1K3K5(Vrer — Vrn) <K2>}
+nVrln In| — . (9
T { KuKeK7(n — )Vr i ©
The TC of Vrgr is given by
dVREF nkp
ar "t

q
« In { 6nKr1 K3K5(VRer — Vrn) n (ﬁ
K4K6K7(’I’] — 1)VT Kl

v _
* nT{VREF_VTH( T +R>

)
|

(10)

S|~ ~—
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On condition that Vrpr — Vo < KT and nVp <K KT, the TC
of VREF can be rewritten as

dVREr nkp 6qnr  Kpri1K3K; K,
=—k+——1In In | —
dT q ]CB(U - 1) K4K6K7 Kl

(1)

(see the Appendix for the derivation of (11)). Therefore, a zero
TC can be achieved on condition that

nkp 6qns  KpiK3K; <K2>}
—k+—1In In{ — =0. (12
q {kB(U —-1) K4uK¢K~ K 12)

A zero TC voltage can be obtained by setting the aspect ratios

K; in accordance with (12). From (9) and (12), we find that
Vrer = Vrao. (13)

This shows that the circuit generates a voltage equal to the

threshold voltage of MOSFETs at 0 K.
Using (6), (8), and (9), we can express current [p as

K
Ip = KpipCoxkTnVrIn <72> . (14)
1

The current is determined only by the aspect ratios (K1, Ko,
and Kg1) and the temperature coefficient (x) of the threshold
voltage of MOSFETs, and it is independent of Vryg. The de-
pendence of x on process variation is far smaller than that of
Vrro as shown in the next section, so current Ip is less depen-
dent on process variations.

The TC of Ip is given by

10Ip 10p 10T 1 0Vp

— == . 1
Ip oT /j,aT T 0T VT oT ( 5)

The temperature dependence of the mobility can be expressed

as
_ T —m
n=o| 7

where 1 is the mobility at temperature Tj, and m is the mobility
temperature exponent [18]. Equations (15) and (16) show that
the TC of the current can be given by

2—m

1 olp
TP (17)

(16)

The value of m is about 1.5 in standard CMOS process tech-
nologies, so current Ip has a positive TC and increases with
temperature.

B. Dependence of Output Voltage on Temperature and Process
Variation

The output voltage Vrpr of our circuit is equal to the
threshold voltage of MOSFETs at 0 K, so its value depends
on process variation. However, its TC is quite insensitive to
process variation and is very small in a wide temperature range.
These are discussed in the following.

2049

1.6 e
g 1.4 i
E 1.2 1.2
c 1 g
T 08 08 E
: >
~ 0.6 / 0.6
.I? 0o -10.4
* <—>: Typlcal _

02 | concentration T=300K 0.2
I L |

1017 1018 BPTL.

Doping concentration N, (cm®)

Fig. 2. Threshold voltage (Vry ) and its TC (x = dVru / dT') as a function of
channel doping concentration (V4 ), calculated using 0.35 ztm standard CMOS
parameters at room temperature.

Process variations can be classified into two categories: i.e.,
within-die (WID) (intra-die) variation and die-to-die (D2D)
(inter-die) variation [19]-[21]. The WID variation causes mis-
matches between transistor parameters within a chip and affects
the relative accuracy of the parameters. It can be reduced by
using large-sized transistors and various analog layout tech-
niques [21], [22]. In our circuit design, we used a large W L
values and a common centroid technique. In contrast, the D2D
variation affects the absolute accuracy of transistor parameters
and is difficult to reduce with existing techniques. Our circuit
generates voltage Vrpr equal to the threshold voltage of a
MOSFET at 0 K, so the D2D variation will directly affect
VrEr. On the other hand, the TC of Vrgr is quite insensitive
to process variations and is very small in a wide temperature
range. We show these characteristics with the aid of computer
simulation.

The TC of the reference voltage is expressed by (11) and can
be set to 0 if (12) is satisfied. Therefore x (TC of the threshold
voltage of MOSFETSs) is the key parameter to achieving zero TC
operation. The threshold voltage in (8) is theoretically given by

E VaegigN 4
Vru = _ -9 _1_1/)3 + ﬂ7
2q Cox

¢Yp=Vrln <NA> )

(13)

where 1 p is the difference between Fermi-level potential and
intrinsic-level potential, eg; is the silicon permittivity, /V 4 is the
channel doping concentration, n; is the intrinsic carrier density,
and F is the bandgap energy of silicon [17]. Equation (18)
shows that the TC, (x = dVrg/dT), of the threshold voltage is

given by
kB NCNU 3 ﬁ—ldE
=—2n-1)—<qIn{ —— — L -39
o= (2 )q{n< Na )+2}+ q dT
(19)

where N. and N, are the effective densities of states in the con-
duction and valence bands [17]. From (18) and (19), we find that
both Vg and its temperature coefficient £ depend on channel
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Fig. 3. Entire circuit of our voltage reference. All MOSFETs are operated in subthreshold region, except for MOS resistor Mg, which is operated in strong-

inversion, triode region.

doping concentration N 4. This concentration is a process-de-
pendent quantity, so x can change with process variation. The
change is very small, however, because & is a logarithmic func-
tion of N 4. Therefore, the TC of Vry has little dependence on
process variation.

To study the effect of process variation on the threshold
voltage and its TC, we calculated (18) and (19) numerically
using a set of 0.35 pum CMOS parameters at room temperature.
Fig. 2 shows the result, a plot of the calculated Vry and x as
a function of N4. The dashed lines (2.0-3.3 x 10'7 cm—3)
represent the range of N4 for the CMOS process we used. In
this concentration range, threshold voltage Vry changes by
+20% with N4, while its temperature coefficient x changes
by only £2%. Therefore, the TC of the output voltage hardly
depends on process variation.

C. Entire Configuration for Actual Circuit

The entire circuit we designed is illustrated in Fig. 3. Capaci-
tors Cc1, Coo, and Ceg are used to prevent parasitic oscillation
and noise disturbances. A differential amplifier M;p—M74 and
a current mirror Mg—My are used to increase the power supply
rejection ratio (PSRR) to reduce the line sensitivity of the cir-
cuit. A start-up circuit M15—M;jg is used to avoid the stable state
in the zero bias condition. Table I shows the size of transistors
Ml—M7 and MRl-

III. SIMULATION RESULTS

We confirmed the operation of our circuit with the aid of
a SPICE simulation using a set of 0.35 pum standard CMOS
parameters and assuming a 1.5 V power supply. To study
the dependence of the output voltage on process variations,
we performed Monte Carlo simulations assuming both D2D
variation (e.g., AVry, Au, ATox, AL, AW) and WID vari-
ation (e.g., Oviy, Ou, OTox» 0L, OWw) 1N (ransistor parameters.
For WID variation, we assumed that every parameter shows
a Gaussian distribution that depends on device area (e.g.,

TABLE I
TRANSISTOR SI1ZES OF OUR CIRCUIT

Transistor Value (W/L)
M; 60 pum /3 pm = (3 pm /3 pm) X 20
M2 300 um /3 pm = (3 pm / 3 pm) x 100
M3 252 pm /3 pm = (3 pm /3 pm) x 84
My 6pum/3 pum=G pum/3 pm) X 2
Ms 252 pm /3 pm = (3 pm / 3 pm) x 84
Mg 6pum/3 pum=G pum/3 pum) X 2
M7 6pum/3 pum=G pum/3 pm) X 2
MRr1 4 pm /150 pm = (2 pm / 150 pm) x 2

Ovey = Avey /VLW) [19]-[21]. For D2D variation, we as-
sumed a uniform distribution (e.g., —0.1 V < AVrg < 0.1 V),
which shows worst case corners independent of device area
[19]-[21]. Let us call a Monte Carlo simulation for a set of
parameters a “run”.

The results for 300 runs are depicted in Figs. 4 and 5. Fig. 4
shows the dispersion of Vygr from the average value (Vrgr) of
VrEer in the temperature range from —20 to 80°C as a function
of D2D threshold-voltage variation AVry. Each open circle
shows Vrpr for a run. As discussed in Section II, Vygp varies
significantly with each run in a range from 0.7 V to 0.9 V; this
reflects the variation in transistor parameters for each run. The
value of Vrgr depends linearly on AViy because the circuit
produces the voltage equal to the 0-K threshold voltage of MOS-
FETs. Fig. 5 shows the distribution of Vrgr. The average of
Vaer was 840 mV, and the standard deviation was 60 mV. The
coefficient of variation o /u was 7%, including D2D and WID
variations.

IV. EXPERIMENTAL RESULTS

We fabricated a prototype chip, using a 0.35 pm, 2-poly,
4-metal standard CMOS process. Fig. 6 shows a micrograph of
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1.0 T T T
AVREF /AVTH =1
O

Vrer (V)

0.7 © - : -
-0.1 -0.05 0 0.05 0.1
AVqp, (V)
Fig. 4. Average output voltage as a function of D2D variation AVry

of threshold voltage, as obtained from Monte Carlo simulation of 300
runs. Output voltage shows a linear dependence on threshold voltage
(AVrer/AVry & 1).
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Fig. 5. Distribution of output voltage, as obtained from Monte Carlo simulation
of 300 runs.

1.1

our chip. The chip area was 0.055 mm? (=200 pm x 275 pm).
Fig. 7 shows measured output voltage Vrgr as a function of
temperature, with supply voltage Vpp as a parameter. Almost
constant voltage was able to be achieved. The average of output
voltage was 745 mV. The temperature variation was 0.48 mV
in a temperature range from —20 to 80°C, so the temperature
coefficient was 7 ppm/°C.

Fig. 8 shows output voltage Vrgr at room temperature as a
function of supply voltage. The circuit operated correctly when
supply voltage was higher than 1.4 V. The line sensitivity was
20 ppm/V in the power range of 1.4 to 3 V. Fig. 9 shows the
power supply rejection ratio (PSRR) at room temperature with
a 1 pF filtering capacitor and a 2 V power supply. The PSRR was
—45 dB at 100 Hz. Thus, we were able to achieve the voltage
reference circuit that was almost independent of temperature
and supply voltage.

Fig. 10 shows measured current Ip as a function of temper-
ature, with power supply voltage as a parameter. The current
Ip was about 36 nA at room temperature and reached the max-
imum of 39 nA at 80°C. The power dissipation of the circuit
with a 1.5 V power supply was 0.32 W at room temperature
and varied from 0.28 to 0.35 4W at temperatures from —20 to

2051

275 um

Fig. 6. Micrograph of chip. Chip area is 0.055 mm?.

745.6 T 1 I T T 1 1 I T
7454 -
s L
E
w 745.2 —-o-
>n: -0 Vpp=15V
—— Vpp=20V
745.0 o Vpp=25V
-~ Vpp=3.0V
744.8 1 1 1 1 L 1 1 1 1

-20 10 0 10 20 30 40 50 60 70 80

Temperature (°C)

Fig. 7. Measured output voltage Vi gy as a function of temperature, with var-
ious supply voltages. Temperature coefficient was 7 ppm/°C.

1.0 . T . :

0.8 .

Vrer (V)

0 " 1 " 1 "
0 1 2 3
Supply Voltage (V)

Fig. 8. Measured output voltage Vrgr at room temperature as a function of
power supply. Line sensitivity was 20 ppm/V for supply voltages 1.4-3.0 V.

80°C. The temperature variation of the power dissipation was
0.2%/°C.

To study the D2D variation of our device, we measured 17
samples, each on a different chip, and confirmed their constant-
voltage operation. Fig. 11 shows measured output voltage Vrgr
as a function of temperature fora 1.5 V supply voltage. The D2D
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Fig. 9. Measured PSRR at room temperature with 1 pF filtering capacitor and
a 2 V supply voltage.
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Fig. 10. Measured current I » as a function of temperature for different supply
voltages.

variation in VrRgr was 25 mV. This value was far smaller than
expected from the Monte Carlo simulation. This is so because
the sample chips were fabricated from the same wafer, the varia-
tion of the reference voltage became smaller, and in our simula-
tions, we assumed a uniform distribution for the D2D variation.
This seems, however, to be an overestimation on the D2D vari-
ation, and in practice, a broad Gaussian distribution would be
more suitable to represent the D2D variation.

Temperature coefficients from 7 to 45 ppm/°C were observed
in the 17 samples. The average TC of Vygpr was 15 ppm/°C.
Fig. 12 shows the distribution of output voltage Vrgr at room
temperature. The coefficient of variation o /p was 0.87%.

Table II summarizes the characteristics of our device in
comparison with other low-power CMOS voltage references
reported in [9]-[13]. Our device is comparable to other circuits
in power dissipation, PSRR, and chip area, and it is superior to
others in TC and line sensitivity. Our circuit is therefore useful
as a voltage reference for power-aware LSIs.

V. DISCUSSION

Regarding other applications, the output voltage of our cir-
cuit can be used as a monitor signal for the D2D process varia-
tion in MOSFET threshold voltage because the output voltage is
equal to the 0-K threshold voltage of MOSFETS in an LSI chip.

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 44, NO. 7, JULY 2009

Vrer (MV)

10 20 30 40 50 60 70 80
Temperature (°C)

730 : .
-20 10 O

Fig. 11. Measured output voltage Vrrr as a function of temperature for 17
samples on different chips from same wafer. Supply voltage was set to 1.5 V.
Temperature coefficients from 7 to 45 ppm/° C were observed. Average TC was
15 ppm/°C.
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Fig. 12. Distribution of output voltage for 17 samples measured at room tem-
perature.
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This output voltage can be used to compensate for the threshold
voltage variation in LSI chips. For example, consider the appli-
cation to a reference current source. The process variation of the
current Ip flowing in our circuit [see (14)] can be expressed as

AIP - A,LL
Ip 1%

AC A
OX+_K«.

2
Cox - (20)

The current is independent of the threshold voltage variation.
Although the current depends on the variation of the mobility
Ap/p, gate-oxide capacitance ACox/Cox, and the tempera-
ture coefficient of the threshold voltage Ax/k, these variations
are far smaller than the threshold voltage variation.

This way, the circuit can be used as an elementary circuit
block for on-chip D2D process compensation systems, such as
process and temperature compensated current [23].

VI. CONCLUSION

We developed an ultra-low power CMOS voltage reference
consisting of subthreshold MOSFET circuits. The device
generates two voltages having opposite TCs, i.e., a MOSFET
threshold voltage and a multiple of the thermal voltage, and
adds them to produce an output voltage with a zero TC. We
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TABLE II
COMPARISON OF REPORTED LOW-POWER CMOS VOLTAGE REFERENCE CIRCUITS
This work 19] [10] [11] [12] [13]
Process 0.35-pum, CMOS 0.35-pum, CMOS 0.6-pm, CMOS 0.35-pm, CMOS 1.2-pm, CMOS 0.18-pm, CMOS
Temperature range -20 - 80°C 0 -80C 0 - 100°C 0-70C =25 - 125C 20 - 120°C
Vbp 14-3V 09-4V 14-3V 14-3V 12V 085-25V
VREF 745 mV 670 mV 309.3 mV 579 mV 295 mV 221 mV
Power 03 pW(@14 V) 0.036 pkW(@0.9 V) 29.1 uW(@3 V) 4.6 pW(@2 V) 43 pW (@12 V) | 33 uW (@0.85 V)
Room temp. Room temp. Max. temp. N.A. N.A. Average
TC 7 ppm/°C 10 ppm/C 36.9 ppm/C 62 ppm/°’C 119 ppm/°C 271 ppm/°C
Line sensitivity 20 ppm/V 2700 ppm/V 800 ppm/V 6700 ppm/V N.A. 9000 ppm/V
PSRR -45 dB(@100 Hz) | —47 dB(@100 Hz) | —47 dB(@100 Hz) | -84 dB(@1 kHz) N.A. N.A.
Chip area 0.055 mm? 0.045 mm? 0.055 mm? 0.126 mm? 0.23 mm? 0.0238 mm?

made a prototype chip, using a 0.35 pm standard CMOS

process, and demonstrated its operation by measurements. The
TC and line sensitivity of the output voltage were 7 ppm/°C
and 20 ppm/V. The power dissipation was about 0.3 pW.
The circuit will be useful as a voltage reference circuit for a
power-aware LSIs such as mobile devices, implantable medical

devices, and smart sensor networks.

As other applications, because the reference voltage changes
with the process conditions of threshold voltage in each LSI
chip, the circuit can be used as an elementary circuit block for
on-chip process compensation systems. The reference voltage
of the proposed circuit enables us to monitor the D2D process
variations in each LSI chip.

APPENDIX

On condition that Vgrgr — Vrpo < T and nVpr < KT, the
TC of Vggr in (10) can be rewritten as

Therefore, (11) can be obtained.
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