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Sub-1V CMOS Voltage Reference Based on Weighted Vs
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Abstract : We propose a voltage reference based on the weighted diff erence between the gate-source voltages of an
nMOS and a pMOS operating in their saturation regions. No diodes or parasitic bipolar transistors are used. The
circuit is simulated and fabricated with SM1C 0. 181 m mixed-signal technology ,and our measurements demonstrate

that its temperature coefficient is 44ppm/
active area of the circuit is about 0. 05mm?.

and its PSRRis - 46dB. It works well when V4 is above 650mV . The
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1 Introduction

The usage of portable devices such as mobile
phones is rapidly spreading all over the world.
Some smple self-biasng circuits such as voltage
references are widely used in these battery-opera
ted devices. In the past ,voltage references have u-
sually conssted of bandgap references,which can
be implemented usng parasitic vertical BJTs in
standard CMOS technology™?. However, the
parasitic bipolar transstor ina CMOS processis u-
sually not very well characterized,and the power
efficiency is not sufficient for low-power operations
due to the large dropout voltage. It is expected that
the whole system will be able to operate on a angle
1V supply in the near future.

In this paper ,a sub-1V voltage reference in
standard CMOS technology based on the weighted
gate-source voltage difference between an nMOS
and a pMOS is presented. The design techniques
for achieving good performance are also presented
in detail.

2 Sructureand principles of the sub-
1V CMOS voltage reference

The proposed voltage reference is shown in
Fig.1. It is based on the circuit first proposed in
Ref. [3] and is composed of a start-up circuit ,a
low-voltage bias circuit ,and a reference core cir-
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Fig.1 Sub-1V CMOS voltage reference circuit

Unlike the one in Ref. [3] ,this new voltage
reference uses the sub-threshold region of the
MOSFET to generate a current for the reference
core circuit ,which can lower the supply voltage
and power consumption. The combination of high
res stance poly (HRP) and n-well resistors cancels
the temperature coefficient (TC) of the redstor Ro
in the bias circuit.

The square law equation for MOSFETs in the
saturation regionis
MG W

2 L
where the threshold voltage V+ and the mobility M
are temperature dependent and are given by Egs.
(2) and (3)"* ',

Vi(T) = Vi(To) -Bvr(T- To) (2

u(T):u(To)x(;Io)'Bh (3)
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where Bvr and By are technology-dependent con-
stants and To is room temperature. From the cir-
cuit ,the reference voltage is

Vg = (1+_§;)VGSn'| VGSpl

:[(1+—§l)vm-| vaJ +

4 i
R S e

(4)
where Ves: and V ey are the gate-source voltages of
Mp and Mnin Fig.1 ,and

In = l2 - Vesn/ R2 (5)
Reference [3] replaces In with 1> and neglects the
current through R and R. ,which resultsin an er-
ror of almost 10 % when R: and R: are 1MQ .

In order to get zero TC,the source-bulk vol-
tage of Mp is set to zero to eliminate the body
effect and improve the power-supply rejection ratio
(PSRR) . Moreover ,long-channel devices are cho-
sen to minimize the channel-length modulation
effect.

In Fig. 1,Ro ,Mn0,and Mnl compose a MOS
peaking circuit mirror diagram when operating in
the sub-threshold region!”. The drain current of
the MOSFET in the sub-threshold region is deter-
mined by the equation!®**’

_l_(VGs-

Ip =M Cox WNUTexp[

_Qs)] (6)
T=KkT/ q,a.nd Von

[1- exp(-

where N =1+ G/ Cx ,U
NU-T.

If the drain-source voltage Vos = 3U+ ,the for-
mula can be smplified to

=Vr +

Ao 1
Ve = NUTIn( e W/L) (7

where les =J Cox NUTexp ( - ) is a process de

pendent parameter.

For
Veo = Vet + loRo (8)
if 1o =11 ,then
o = My, LWELL 9
(W/L)o

Equation (9) can be thought of as a propor-
tional to absolute temperature (PTAT) structure if
the TCof Rois neglected. Thisis also power sup-
ply independent if the channel-length modulationis
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neglected.
If 12 =Mlo ,thenfrom Egs. (1) and (5) we get
I 2 + I 2 +4R2(Mlo Rz - V)
W W
,\L/ncox( )n ,\Lfncox( )n
- L L
- 2R

(10)

Finaly ,the temperature dependence of the

reference voltage can be obtained by differentiating

Eq. (4) with respect to the temperature ,and is giv-
en by

aFV_lL_d' = [- + _EJZ')BVTn +BVTp] +
B +1 | 1.(To) y
T (T ca(D)s
[(1+_Rl) X [Z’ILD_J-
Re (o) (1, Bt 1’
EANRE
()7 - ()T (11

To obtain (0Vw/ 0T)| =1, =0 ,the linear and
nonlinear terms are set to zero by the red stor ratio
and trans stor size ratio ,which are given by

R %Vf“-l (12)
W U_u_(_TQ). Bup B
ek u(TO)"( )

(13)

W DV Tp oup + 1>
b, (ﬁ) ity

Equations (12) and (13) show that the TC
can be optimized by varying the circuit parameters
instead of by refining the process parameters. Opti-
mization can be done on the circuit design level and
by on-chip trimming.

In order to cancel the TC of resistor Roin the
bias circuit , mixed-resstor technology is applied,
which combines two resistors,an HRP and n-well ,
into one that has a different direction TC. In SMIC
0. 18 m technology ,this can reduce the resstor’ s
TCfrom7.5%to 0. 5%.

However ,if the bias current I. decreases,Mp and
Mn may leave the saturation region and enter the tri-
ode region. Thus,the minimum supply voltage must be
maintained in order to prevent the current source Mp2
from being forced to operatein the triode region ,which
means that Ve must be larger than (1+ R/ R) Ve +
Vo OF V1o +2Vov + Ve ,which is about 650mV herein
the SMIC Q 18! m process.
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3 Smulation, measurement ,and lay-
out

Figure 2 shows the smulation and measure-
ment results of the output voltage Vs at different
temperatures and power supplies. SMIC 0. 18I m
technology is used here. The smulation results
demonstrate that when the temperature changes
from O to 100 , TC (V) is about 32ppm/
When Va > 650mV , the circuit provides a stable
reference voltage, and the PSRRis - 51dB. For
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Fg.2 Smulation and measurement results of sub-1V
CMOS voltage reference  (a) Reference voltage versus
temperature; (b) Reference voltage versus power sup-
ply

comparison with the smulation result ,the mea
sured TCis58ppm/ in the temperature range of
10 110 and 44ppm/ in the range of 10
96 . It als0 can be thought of as start-up when V.
is above 650mV ,and the PSRR is - 46dB.

Snce the temperature dependence of the
threshold voltage is not perfectly linear and a com-
plete cancellation of the temperature depen dence
of Up Mn,and Ro is not possible in the whole tem-
perature range, a nonlinear temperature-depend-
ent error voltage appears at the reference output
voltage.

Repeating the measurements for different
chips at a 1V supply voltage demonstrates that the
output voltage V. is between 97.14 and
100. 75mV ,implying less than 4 % relative error.
The power consumption is only 121 A. Figure 3
shows the layout of the proposed voltage refe-rence
circuit ,which is fabricated in SMIC 0. 181 m tech-
nology. The chip areais about 0. 05mm?.

Fig.3 Layout of sub-1V CMOS voltage reference

Table 1 gives a comparison to voltage refer-
ences reported from 2002 to 2005.

Table 1 Comparison of voltage reference

Technique Min Va/ V| Supply current/d A | TC/10°5 -1 PSRR/ dB Technology/l m Area/ mm? Year
BVR[2] "t 0.98 18 1.5 NA 0.6 0.24 2002
CMOS[3] *? 1.4 9.7 3.69 - 47 0.6 0. 055 2003
BVR[10] "3 3 NA 2.5 NA 0.35 0.13 2004

BV R[11] 0.97 NA 3.6 NA 0.35 NA 2005

CMOS 0.65 12 4.4 - 46 0.18 0.05 This paper

*1 Bandgap voltage reference; *2 CMOS voltage reference; *3 Simulation only

4 Conclusion

A sub-1V CMOS voltage reference that uses

the temperature dependence of pMOS and nMOS
gate-source voltages is described.

Smulated results usng a SMIC 0 18 m
CMOS process reveal that this circuit works pro-
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