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A low-voltage low-power CMOS voltage reference based on subthreshold MOSFETs
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Abstract: This paper describes a CMOS voltage reference using only resistors and transistors working in weak
inversion, without the need for any bipolar transistors. The voltage reference is designed and fabricated by a0.18 um
CMOS process. The experimental results show that the proposed voltage reference has a temperature coefficient
of 370 ppm/°C at a 0.8 V supply voltage over the temperature range of —35 to 85 °C and a 0.1% variation in supply

voltage from 0.8 to 3 V. Furthermore, the supply current is only 1.5 A at 0.8 V supply voltage.
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1. Introduction

A precision voltage reference circuit is very important in
the design of many mixed-signal and analog integrated cir-
cuits, such as oscillators, comparators, low-dropout regulators
(LDOs) and data converters. The voltage references are re-
quired to be stabilized over process, voltage, and temperature
variations and are also expected to be implemented in the stan-
dard fabrication process.

Undoubtedly, a bandgap voltage reference, which was
firstly proposed by Widlar!!l and was further developed by
Kuijk[2l, is the most popular high performance voltage refer-
ence used in integrated circuits today. Moreover, the bandgap
references that are less than 1 V are used more and more in low
voltage applications. Therefore, many researchers have also
developed bandgap voltage references that are less than 1 V.
Banba and Leung®* proposed two bandgap voltage refer-
ences. The concept is basically a current-mode method to scale
down the bandgap reference voltage by a factor defined by a
resistor ratio. Jiangl®! proposed a bandgap reference using a
transimpedence amplifier. However, all of the above bandgap
voltage references require big area diodes or parasitic bipolar
junction transistors (BJTs). In this paper, we introduce a new
low-voltage low-power voltage reference based on subthresh-
old MOSFETs. The proposed bandgap voltage reference can
operate from a supply as low as 0.8 V and the supply current
isonly 1.5 nA.

2. Conventional bandgap voltage reference

Figure 1 shows the structure of the conventional bandgap
reference. M1 and M2 have the same transistor size. The input
voltages of the error amplifier, V; and V3, are controlled to keep
the same voltage and there is R, = R3.
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So the voltage across the resistor Ry, which is the forward
voltage difference between the two bipolar transistors Q; and
Q2, can be shown as

AVoe = Voea = Voer = ViIn N. (1)
The output reference voltage Vi.r can be expressed as
R3
Vref:VbeZ‘i‘R_thnNo (2)
1

Here, N is the emitter area ratio and V; is the thermal volt-
age. The Vin(N)R3/R; term is proportional to the absolute
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Fig. 1. The conventional bandgap reference circuit.
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Fig. 2. Structure of the proposed bandgap reference.

temperature (PTAT), which is used to cancel the negative tem-
perature coefficient of V.. Therefore, we can choose a proper
ratio of resistors to obtain an output reference voltage with low
temperature coefficient.

3. Circuit design of the proposed bandgap volt-
age reference

Recently, a study of the MOSFET temperature behavior
pointed out clearly that below a certain technology-dependent
bias point, the gate—source voltage of a MOSFET, biased with
a fixed drain current, decreases with temperature in a quasi-
linear fashion[®7]. For the MOSFET operating in the weak-
inversion region, with the condition of Vps = 3V, its drain
current can be given as

qgsiNch
€X

Vs — Vra — Vorr
29, T i

Iy = KuV? . 0B

where K = W/ Legr is the transistor aspect ratio, 4 is the mo-
bility of the carrier in the channel, & is the permittivity of sili-
con, N, is the channel doping concentration, ¢ is the surface
potential, 7 is the subthreshold slope factor, Vogr is a correc-
tive constant term used in BSIM3v3 models!8! and Vry 1s the
threshold voltage. Furthermore, for a given drain current, the
relation between gate—source voltage Vs and Vyy as a function
of temperature is

n(T)
n (To)

% Ves(To) = Vin(To) — Vorr] Tlo 4

Vas(T) = Vru(T) + Vorr +

The threshold voltage, which has a negative temperature
coefficient, can be expressed asl®!

Viu(T) = Vru(To) + ayr(T — Tp)

T
= Vru(To) + avrTo 7 1
0

= Viu(To) + Kt (% - 1) , 5)

where ayr is the temperature coefficient of the threshold volt-
age and it is generally between —4 and —1 mV/°C. Assuming
that n(T") has small variations with temperature, we can get

Vas(T) ~ Vis(To) + [Kt + Vas(To)

— Viu(To) = Vor] (% - 1) . ®

From Eq. (6), we can see that Vs decreases with temper-
ature and has a similar temperature performance to Vi, so we
can generate the reference voltage with the Vg voltage instead
of using the V4, voltage.

Figure 2 shows the complete schematic of the proposed
voltage reference. The startup circuit is composed of M§-M12
and Rs5. M2-M6 form the error amplifier. MO, M1 and Ry—R4
are the core circuit, which can generate the reference voltage,
and there is R3 = R4. C1 and R are the compensation capac-
itor and resistor. From Eq. (3), the drain current of MO and M1
can be expressed as

q&siNen Vaso — Vru — Vorr
Lo = Kopun V2 ., (7
do oMn V¢ 20 eXp v, @)
q&silNen Vast — Vru — Vorr
Iy = Kipua V2 . (8
di 1V 20, ex V. )

where Ko = Wy/Lo, K1 = Wi/L; and K1 = NKj. Because
the current 149 = 141, we have

Vaso — Vasi = nViin N. 9

From Fig. 2, we can see that

Vaso = Vast + TaoRo. (10)
From Egs. (9) and (10), we have
T = Vaso — Vst _ thlnN. (11
Ro Ro
Then the voltage across the resistors R and Rj is
Ri+R
Vi + Vs = loo(R1 + Rs) = ————nV,InN. (12

0

where (R; + R3)/Ry is the temperature independent resistor
ratio, so the voltage is proportional to the absolute temperature.
From Egs. (6) and (12), we can see that the expression for the
reference voltage is

Viet = Vaso + Vri + Vas = Vas(To) + [Kt + Vis(To)

+R1+R3

T
—Vru (T, — —1 Viln N.
TH( 0)](T0 ) Ro nviin

(13)

So we can choose a proper resistor ratio of (R; + R3)/Rg
to achieve the temperature compensation.

In the voltage reference proposed by Giustolisil®, the volt-
age reference is generated by the Vs of the MOS transistors
working in the subthreshold region. The voltage reference pro-
posed by Leung['%! is based on the AVs of a NMOS transistor
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Fig. 3. Micrograph of the proposed bandgap reference.
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Fig. 4. Measured and simulated temperature dependence of the volt-
age reference.

and a PMOS transistor. In our design, we generated the volt-
age reference with the AVgs of two NMOS transistors, which
are working in the subthreshold region. Furthermore, an error
amplifier is used to improve the performance of the voltage
reference. As shown in Table 1, the PSRR and line regulation
performance of the proposed voltage reference are much better
than the voltage reference previously reported in the literature.

4. Experimental results

The proposed voltage reference is designed and fabricated
by a0.18 um CMOS process, as shown in Fig. 3. The proposed
circuit occupies a 0.09 mm? chip area. At room temperature,
the supply currentis 1.5 nA ata 0.8 V supply voltage. The chip
area is very small and the supply current is extremely low due
to the simple circuit structure.

As shown in Fig. 4, the measured temperature coefficients
of the proposed reference circuit for 6 chips at a 0.8 V supply
are about 370 ppm/°C, approximately 6 times the circuit simu-
lation result at typical condition of 57 ppm/°C, and even more
than twice that in the worst condition of 158 ppm/°C. There-
fore, it can be seen that except for resistance mismatch or the
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Fig. 5. Measured supply voltage dependence of the voltage reference
at different temperatures of chip 1.

transistors’ characteristic fluctuation possibly caused by pro-
cess variations, another more important reason is that the sim-
ulation model is not so accurate as to agree rather well with
experiment, especially for the transistors working in the weak
inversion region. But fortunately, this inconsistency can be re-
duced by the adjustment of device sizes according to Eq. (3).
A better temperature coefficient can be achieved by properly
adjusting the resistance ratio of (R; + R3)/Ry in the circuit
design or by using resistance trimming technology. Figure 5
shows the reference voltage dependence of the supply voltage,
and the calculated line regulation is about 0.3 mV/V at room
temperature for the supply voltage from 0.8 to 3 V.

The power-supply rejection ratio (PSRR) is used to mea-
sure the ability of signal suppression of a bandgap, and it is
given by PSRR = 201g|vo( f)/vin(f)|, Where vin(f) and v, ( f)
are the input signal and the output signal, respectively. The
spectrum analyzer with a high input impedance (R;, = 1 MQ)
is used to measure the signal level at the input and output of the
bandgap, and the input sine wave at the input of the bandgap is
0.1 V. The experimental results show that the PSRR is 67 dB
@ 10 kHz at a 1 V supply voltage.

Table 1 summarizes the performance of the proposed volt-
age reference compared to the voltage reference previously re-
ported in the literature and the conventional bandgap voltage
reference based on the parasitic bipolar junction transistors.

5. Conclusion

In this paper, a low-voltage low-power CMOS voltage ref-
erence based on subthreshold MOSFETs has been introduced.
It does not use any diodes or BJT. With a power supply volt-
age of 0.8 V, the proposed voltage reference circuit presents
an output voltage of 700 mV with a temperature coefficient of
370 ppm/°C over the temperature range of —35 to 85 °C. The
power supply current of the whole circuit is only 1.5 A at
room temperature. This circuit is suitable for low power, low
voltage applications.
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Table 1. Comparison of the voltage reference available in the literature.

Parameter Conventionall!] Ref. [6] Ref. [10] This work
Technology (;tm) 0.9 1.2 0.6 0.18

Supply voltage (V) 2.7-5.5 1.2-4 1.4-3 0.8-3

Supply current (LA) 300 3.6 9.7 1.5

Reference voltage (V) 1.236 0.3 0.310 0.7
Temperature coefficient (ppm/°C) 85 120 62 370%

PSRR (dB) —80 @10 kHz —40 @ 5 kHz —47 @ 1 kHz —67 @ 10 kHz
Line regulation (%/V) — — 0.225 0.036

Area (mm?) — 0.23 0.055 0.09

Year 1995 2003 2003 2010

* The temperature coefficient performance can be improved by the trimming procedure or by modifying the transistors sizes of M1 and M2.
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