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Abstract: A novel MOS-only voltage reference is presented, which is based on the threshold voltage difference be-

tween p-type and n-type MOSFETs. Its precision is improved by the cancellation of the process variation. The ref-

erence has been successfully implemented in a Chartered 0.35xm CMOS process. The occupied chip area is

0. 022mm?* . Measurements indicate that without trimming, the average output voltage error is 6mV at room tem-

perature compared with the simulation result. The temperature coefficient is 180ppm/C in the worst case in the

temperature range of 0 to 100°C ,and the line regulation is £ 1. 1% . The reference is applied in an adaptive power

MOSFET driver.
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1 Introduction

Voltage references are important building
blocks in many electronic systems such as data
converters and power converters. Conventional
bandgap voltage references, which can be imple-
mented with parasitic vertical BJTs in standard
CMOS technology, are widely used because of
their precise absolute value and low temperature
coefficient'#'.

As CMOS technology is becoming the main-
stream in circuit design due to its low fabrication
cost and short turn-around period. it is expected
that whole systems, including voltage references,
can be implemented in CMOS technology. As a re-
sult,some voltage references using MOSFETs only
have been proposed, which are based on MOS-
FETs’ weak inversion characteristic'* or thresh-
old voltage . However, compared with conven-
tional bandgap references, they are usually more
sensitive to temperature, supply, and especially
process. The circuit first proposed in Ref. [ 5]
based on the weighted difference of gate-source
voltages between pMOS and nMOS transistors ex-
hibits a very low temperature and supply coeffi-
cient comparable with a bandgap reference. But it
still suffers from process variation,which prevents
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the achievement of a precise absolute value. Thus
usually trimming technology or system compensa-
tion is employed, which restricts its application in
low cost areas.

In our application, the voltage reference is
used in an adaptive power MOSFET driver, the
specifications for the voltage reference are not
very strict, and it is possible to realize it with a
MOS-only structure. In this paper,a novel voltage
reference in a CMOS technology based on thresh-
old voltage difference between pMOS and nMOS
transistors is presented. The main features of the
proposed circuitry are: (1) use of standard MOS
transistors without BJT structure and extra
process control; (2) simple circuit,low power and
small area; and (3) precise absolute voltage so

that no trimming or compensation is needed.
2 Basic concept

The first step in realizing a complete voltage
reference is to find a stable unit of voltage,such as
the Zener breakdown or bandgap voltage used in
bipolar voltage reference circuits'’’. An obvious
unit of voltage in CMOS technology is the thresh-
old voltage. However, the individual terms that
make up the threshold voltage components are
both highly process dependent and temperature
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Fig.1 Basic concept of the CMOS voltage reference

sensitive. Thus,a relative value rather than an ab-
solute one should be used in order to cancel these
variations. In typical CMOS technology, the
threshold voltage of p-type and n-type MOSFETs
tends to vary in the same direction. This leads to
the conjecture that we may cancel the fluctuation
of their threshold voltages by subtracting one
from the other. The simulation and experiment in
the following sections will demonstrate this.

The basic concept of this voltage reference is
shown in Fig. 1, where MN and MP represent n-
type and p-type MOSFETs respectively; two pro-
portionate current sources ensure that the currents
flow through the different MOSFETs identically.
For the sake of illustration we assume that the
currents are ideal and match well.

From the basic MOS [I-V equation [, = % X

U np Cox (%)( Vgs - V[h )2 ’ the Output VOltage iS

given by
Vie = Vi = Vi
— Vi + |2l — [Vt e (T
1 m u, Cox (% ) )
B B 21, = o 1
Vi = Vi 1 c.~ u, (?)p Un (XIE)

Q)

Actually I, is small and the square root de-
pendence reduces the voltage dependence on I,
variation significantly (the expression of [, will

be presented in section 3) . Thus the output voltage
only varies within a small range and can be used
as a voltage reference.

Compared with the voltage reference presen-
ted in Ref. [5], our implementation replaces the
weighted difference with direct subtraction. This
improves the precision of the output voltage at the
cost of difficult temperature compensation.

3 Circuit analysis

3.1 Circuit implementation

The idea described above has been realized by
the following circuit shown in Fig. 2. The circuit is
formed by three parts: (1) a bias circuit (MB1~
MB9 and R,);(2) a start-up circuit (MS1-MS3);
and (3) a reference core circuit (MP,MN).

Choosing MB7/MB5 = 2MB9/MB1, the cur-
rent through MP and MN can be made identical.
In practice, because of the channel length modula-
tion effect and device mismatch, there is a slight
difference between the two currents. A cascode
current source is used to minimize this error.

This circuit eliminates the use of large resis-
tors (typically several hundred kQ to IMQ) R,.,
R, in Ref. [5~ 7], thus saving a lot of silicon
area.

The core reference voltage is a few hundred
millivolts,and for practical applications a propor-
tion amplifier can be used to get any voltage that
is needed.

3.2 Temperature dependence

Besides immunity to process,a good voltage
reference must also have little dependence on
temperature. An accurate expression of V. as a
function of T should be derived,and the bias cur-
rent I, in Eq. (1) must be expressed in detail. The
generated bias current is given by

) S S
Prwmer (D), (X))

We can sce from Eq. (2) that I, is also a
function of the temperature,so it should be con-
sidered in the temperature coefficient analysis.

According to the BSIM3V3 manual® , the
temperature functions of MOSFET threshold volt-
age and the mobility are given by

T

Vi =V + (Ky +K\11/Lcﬂ + Ko Vi) (T_ 1)
0

(3
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Fig.2 Proposed CMOS voltage reference

T \ e
u=u ( T—O)

where K, represents the temperature coefficient

for the threshold voltage, K, represents the chan-

€Y

nel length dependence of the temperature coeffi-
cient of V,, K, represents the body-bias coeffi-
cient of the V,, temperature effect,and ute is the
mobility temperature exponent, T, =0C .
Substituting Eqs. (2), (3), and (4)
Eq. (1) and then differentiating V., with respect
to the temperature T,and after some reasonable
approximations,we get
W _ Koy + Kiy/Lay Koy Vit
aT T,
Kt]n + Krlln /Loffn + KthVl)scfnf

into

+

T,
1
Il,‘o % 7W X (— ute, — utel,) —+
V2C T (1)
p
1
7W X 2ute,
uno (f)n

As described above, K s Kuis K sty and u
are all process parameters. They are constants af-
2
MnO Cox R b

5

ter the process is chosen. [, =

2

1 1

(), (1),

, and the only variable parts

are the size of the n transistor (%) and p tran-

sistor (%) , which can be controlled by the cir-
p

cuit design.

dJ Vrcf

If we set T

=0 and select an appropriate
( w .
f) , we can get a corresponding value of

(LE) .Since there exist many pairs of (LE) and
p n

(%)p values supporting the equation, parameter
sweeping by simulation tools can be applied to
find an optimized solution.

From Eq. (5) it is also observed that the tem-
perature coefficient is related to I, . Thus,to min-
imize the influence caused by the error of I, ,the
circuit should be biased at a low level current, but
not too low, otherwise MN and MP may leave the
saturation region and enter the weak inversion re-
gion. To minimize the effect due to the delta of
W/L.the W and L value of the critical MOS-
FETs should be relatively large.

4 Simulation and experimental results

The circuit was simulated by Hspice and fab-
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Fig.3 Micrograph of the proposed voltage reference

ricated with a Chartered 0. 35um standard CMOS
process. A micrograph of the chip is shown in
Fig. 3. The chip area is 0. 022mm?®.

The simulated typical voltage is
322mV. Ten chips are tested at room tempera-
ture,and the average voltage is 316mV. The error
between simulation and average test result is
6mV. The measured difference between the worse
case and average voltage is 6. 5mV.

The reference can work correctly at a supply
voltage range from 1.9 to 4.2V. The tested line
regulation is £ 1.1% from 2.8 to 3.8V, which
matches well with the simulation result and is also
comparable with conventional bandgap refer-

output

ences.

The simulated temperature coefficient (TC)
is 60ppm/C from 0 to 100C, and the measured
worst case result is 180ppm/C , which is not very
good. The error compared to the simulation is
mainly because of the bias resistor R, . Though I,
is already independent of the threshold voltage,
the bias resistor R, still varies a lot since in a typi-
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Fig.4 Supply voltage dependence of the voltage ref-
erences (T =25C)

cal CMOS technology a resistor can have an error
up to *20% . A solution to this problem is to use
an external resistor. Other contributions to the TC
drift include device mismatch and process param-
eter variation.

Comparisons of the proposed reference’s
performance with existing CMOS references are
listed in Table 1.

The main advantage of the proposed voltage
reference is its high precision, and the disadvan-
tage is its acceptable TC and LR. Actually, the
power driver always works at a relatively high
temperature which does not change much,so the
TC performance is not a big problem.
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Fig.5 Temperature performance of the voltage ref-
erence (V. =3.3V)

Table 1 Comparison of voltage references
Method Ref.[5] This paper
Process 0.6pm 0.35pm
Supply current 9. TpA IpA
Reference voltage (simulated) NA 322mV
Reference voltage (tested) 302+12mV | 314£4.5mV
Temperature coefficient 62ppm/C 180ppm/C
Line regulation +0.17% +1.1%
Chip area 0. 055mm? 0.022mm?
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5 Conclusions

A voltage reference that uses MOS transistors
operating in the saturation region and resistors
only has been presented. It features the advanta-
ges of precise absolute output voltage without
trimming and small area, with moderate supply re-
jection and acceptable temperature performance.
The reference is applied in an adaptive power
MOSFET driver.
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