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Abstract: A new method.namely multiple point curvature compensation (MPCC) ,is proposed for the design of a

bandgap reference,and its design principles, theoretical derivation,and one feasible circuitry implementation are

presented. Being different from traditional techniques, this idea focuses on finding multiple temperatures in the

whole range at which the first order derivatives of the output reference voltage equal zero. In this way,the curve

of the output reference voltage is flattened and a better effect of curvature compensation is achieved. The circuitry

is simulated in ST Microelectronics 0. 18um CMOS technology, and the simulated result shows that the average

temperature coefficient is only 1ppm/C in the range from —40 to 125C .
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1 Introduction

Bandgap voltage references (BGR)have wide
applications in various analogue and digital sys-
tems,such as analogue-to-digital (ADC) and digit-
al-to-analogue converters (DAC) , voltage regula-
tors, and phase-locked loops. The performance
and accuracy of these circuits depends directly on
the BGR characteristics,i. ¢. nominal voltage ref-
erence value ( Viggr ), temperature coefficient
(TC), and temperature range (TR). Generally,
first-order compensated BGR can achieve a TC of
about 20 ~ 60ppm/C, while in some high-per-
formance applications, such as high-resolution
ADC and DAC, the curvature-compensation tech-
nique is required to further reduce the TC of the
BGR. Traditionally,such techniques include quad-
ratic temperature compensation’’, exponential
temperature compensation™, linearization of
VBE™/, piecewise-linear curvature correction™",
resistor temperature compensation®, and the
NPN-and-PNP-generated compensa-
tion'®’, most of which concentrate on cancelling
the high-order T terms of the Taylor series of the
base-emitter voltage Ve (T) of a bipolar tran-
sistor at a single reference temperature T, over
the whole temperature range,and have such draw-
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backs as more complicated circuits,larger chip ar-
ea and more complex fabrication processes.

A new idea for curvature compensation of
BGRs and a kind of practical circuitry with its
simulation results realizing the idea are proposed
in this paper. The idea focuses on finding multiple
temperatures in the whole range at which the first
order derivatives of the output voltage with re-
spect to temperature equal zero. In this way, the
curve of the output voltage is flattened,and a bet-
ter effect of curvature compensation is achieved.

2 General principles of bandgap ref-
erences

The basic idea of a BGR is to compensate the
negative TC of the base-emitter voltage Vy: (T)
with the positive one of AVy: (T), which is the
difference in junction potential between two junc-
tions operating at different current densities. The
output voltage, which is actually a weighted sum
of Ve (T) and AVy:(T) ,can attain a zero TC by
proper weighting(Fig.1).

Suppose two bipolar transistors Q1 and Q2Z,
whose saturation currents are Is and I ,are in-
jected with collector currents of I, and I, ,respec-
tively. The difference of their base-emitter volta-

ges can be written as'®
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AV (T) = %(l IIsll ~In 1152) Vxln <§_:X§_:>

@y
where k is the Boltzmann’s constant, T is the ab-
solute temperature,and g is the charge of an elec-
tron. Therefore, AV ( T) is proportional to the
absolute temperature (PTAT).

On the other hand, the relationship of base-
emitter voltage to temperature can be expressed

as[9]
T\ T
Ve (T) = VGO,(l - T_,.)+ 7 Vae (T -
T Ic
77VT1H Tr + VTln IC(T‘_) (2)

Here, Vg, is the bandgap voltage of silicon ex-
trapolated from a reference temperature T, to
0K,7 is a temperature constant depending on the
technology,and /. is the collector current injected
into the bipolar transistor.

Therefore the bandgap reference voltage can
be given by

Ve (T) = Ve (T) + MAV g (T) (€))

If the ratio M is carefully selected, AV (T) can
compensate the first-order T term in Vg (T),
which is the principle of conventional first-order
compensated BGRs.
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Fig.1 Hypothetical bandgap reference circuit'”!

3 Traditional high-order curvature
compensation techniques

Conventional first-order compensated BGRs
fail to compensate the high-order T terms, espe-
cially the V;InT term in Vg (T),which can lead
to an extra TC of about 10~40ppm/C . To solve
this problem, several techniques have been pro-
posed.

The quadratic

temperature compensation

technique'” involves canceling the second-order T
term of the Taylor series of Ve at T, by adding a
PTAT? term to the reference voltage of a first-
order BGR, while exponential temperature com-
pensation'?' involves canceling or reducing the
second- or higher-order T terms of Ve by adding
an exponential function of temperature. As for
the resistor temperature compensation ™, it also
demands a Taylor series of reference voltage at T,
in which the second-order T terms of Vg are
compensated by the temperature characteristic of
different types of resistors.

However, the Taylor formula of finite terms
can only guarantee a relatively high accuracy in a
very small neighborhood around the reference
temperature T,.That is,the error between the ac-
tual and the polynomial value can be large when
the temperature T is far from T,. Unfortunately,
in most applications the TR concerned can reach
as high as one hundred or more degrees, but the
compensation for the Taylor polynomial of Vg is
usually to a second-order T term in such circuits.
Apparently, the accuracy of such curvature com-
pensation techniques is not so high at some tem-

peratures,i.e.the ends of the temperature range.

4 Multi-point curvature compensa-
tion technique

Most conventional first-order and traditional
high-order BGRs limit their focus to a single ref-
erence point T, in a relatively large temperature
range,hoping that at this temperature the first- or
even second-order derivative of reference voltage
respect to T could be made zero. However, this
can still lead to a fairly large error at other tem-
peratures far away from T,.Consider,if we prop-
erly design the circuit and find several local extre-
ma (peak or valley) of the curve of reference
voltage in the whole temperature range,the curve
versus temperature will certainly be flattened and
the accuracy be improved.

The idea of the proposed curvature-compen-
sation technique is illustrated in Fig. 2. All the
pMOS transistors have the same size so that they
provide the same drain current, if the channel-
length modulation effect is neglected. The bipolar
transistor Q2 has an area that is N times that of
Q1 and Q3 so that the saturation current of Q2 is
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also N times higher. The ratio of resistor R, to R, I, =a,+a, T+a, T" +a, T
is M. We denominate the emitter currents of Q1, I, = b, +b, T+ b, T* + b, T (8)

QZ,and Q3 by Ig s Iy -and Iy srespectively.
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Fig.2 Structure of the proposed MPCC BGR

The output reference voltage can be ex-
pressed according to Egs. (2) and (3) by

T
Viee (T) = V(}Or<1 f) YTTVBE(Tr) -
T IQS IOI
Viln o+ Viln 50 MVT1n<IQZN>(4)

Con51der1ng currents Iq » I gy and I3 ,and neglec-
ting the channel-length modulation effect of tran-
sistors and the thermal effect of resistors.we have
Io = Iprart1,
ITo: = Iprar + I,
I (5)
The potentials at nodes X and Y are guaranteed to

= Iprar

be equal by negative feedback of an operational
amplifier. In the design,currents I, and I, can be
made much smaller than Ippar»and therefore Iy
~ Iy, and the PTAT current is given by
A VBE VT IQl [SZ VT
X — _~
R, R11 (IQ2 151) R11 nN (6

Computing the first-order derivative of the refer-

I PTAT —

ence voltage respect to temperature and substitu-
ting Igs Iz and Ig in Eq. (5) for those in
Eq. (4),we have
9V ger ~
aT

B VGOr + VBE(Tr) _
T,

T,

1 9101 1 (7102
— X - — X
Io 0T T E)T)

Notice that currents I, and I, are part of currents

(5 - 1)5(1 +1n1)+ Kpinn +
q q

MVT< <)

I and I srespectivelys;and we can safely assume
that they have a relationship to temperature as
below by design:

To make Eq. (6) hold,we must make sure that

| Lo <] Torar |5 [ 1o [<<] Torar | 9
Thus the first-order derivatives respect to temper-
ature can be written as

37[7: =a, +2a,T+3a;T*
;1 (10)
7Tb = b, +2b, T +3b, T’

Therefore we have

d Vger —~

=

VGOr + VBE(Tr) _

(T =

aT T,
k k
- 1+ In + = +
=1 ( ) MInN
Vi ( _91b>
IPTAT dJ (7T
Voo + Ve (T

= - (5-

1)§(I+ln%>+

T,
Kyian + m Birca, - by +
q InN
2(a2_b2)T+3(a3_b3)T2] (11)

Now our target is to set up proper a; and b; (i =
1,2,3) so that we can find three points in the
whole temperature range [ T\, T, ] satisfying T,

<T,<Tsand f(T,) = f(T,) =f(T5)=0.As-
sume
fl(T) - VGOr + VBE(Tr> _
Tr
k T k
-1 = (1 +In=+)+ =
(5 )q( nTr>+qM1nN (2
_ ¢ R _
fg(T) — Klan:(a1 bl)+
2(a2 - bz)T + 3(a3 - b?,)TZ]

To make f(T,)=0,we just need to assure that

~ Veu * Vee(TD L i pinn —p K =
T, q
(13)
(ai=b)) +2(a, b)) T, +3Ca, — b)) T: =
(14)

In fact,Equation (13) is what returns to the con-
ventional first-order BGR circumstances and can
be easily satisfied by carefully selecting M and N.
On the other hand,Equation (14) gives one more
constraint that a; and b, (i =1,2,3) must meet.

Another two constraints are that at selected
T, and T;.,we must make sure that f, (T,) =
= f,(Ty) and f,(T3) = — f,(T3),that is

le\][(a|_b1 )+2(ag_b2)T1+3<(13_b3)T%]:
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(r—1) ﬁln T, process,and Vi, W and L are the threshold and
7 q T, the dimensions of the transistor,respectively. Now
K lR;V[(a]—bl )42(ay—b) To+3(as—b) T2 ] = we can write I, and I, as
n [ =~ WPl I VDD B R3 IP'I‘A’[‘
k T, a — T po.p1 EXP —V
(p—1) —In T (15 " T an
q r I ~— W I ex ( R, Iorar )
Given a certain » determined by technology and b= Ly ™ p V.

having obtained M and N from Eq. (13),and be-
ing aware of the precondition given by Eq. (9),we
can certainly find a; and b; (i =1,2,3) from
Egs. (14) and (15).

Now that we have proved the existence of a
certain circuit in which the reference voltage can
have several first-order derivative zeros in the
whole temperature range, in the practical design
we can replace the polynomial temperature-relat-
ed current in the derivation with an exponential
temperature-related one. With the help of circuit
simulation software, the accurate sizes of tran-
sistors in the circuit can be determined.

5  Circuit design and simulation re-
sults

The schematic of our MPCC BGR is given in
Fig. 3. In this circuit, currents I, and [, are pro-
duced by MOS transistors operating in the sub-
threshold region, and the pMOS transistor of the
current source for the bipolar transistor Q1 is 4
times larger than the others. pMOS transistor P1 is
to inject current into Q1, while nMOS transistor
N1 is to extract current from bipolar transistor
Q2, that is, a negative injection of current. As for

A pr—AE——4E——

L P2
l[PTAT Lopar l Lopar Lyrar Lyrar
~ Ve
+— § R, R,
R,

P1 NI
A b
—;: Qi ’—‘: Q R, Q3

Fig.3 Schematic of the proposed MPCC BGR

a transistor operating in the sub-threshold region,
its drain current can be expressed as™

Iy, = LKIDOCXP< “//(:>

in which Iy, is a parameter determined by the

(16)

and then we can safely write Eq. (17) as a Taylor
series within the allowable accuracy, so the pa-
rameters a; and b; (i =1,2,3) in Eq. (8) are
functions of the transistors’ dimensions and resis-
tors’ values.

a; = g (Wp Ly Ry)

b; = h;(Wyx,Ln 3R1)’
Taking Eq. (18) into Eq. (15), we can conclude
that in theory any arbitrary T, and T3 can be ob-
tained by choosing Wp s Lpis Wais Ly Ris R;
and R,,and the solutions might not be unique.

i =1,2,3 (18)

Therefore, the circuit in Fig. 3 can successfully re-
alize the function demonstrated in Fig. 2. Howev-
er,the required caculation is rather complicated,
and simulation by EDA tools is a must.

Compared to the proposed circuit in
Ref.[10], the part of this circuit formed by pMOS
transistors P1 and P2 and resistor R; can generate
one more zero of the first-order derivative of the
reference voltage respect to temperature,at a low-
er temperature,and therefore our MPCC BGR can
further achieve a much lower TC over a wide tem-
perature range.

The circuit is simulated in ST microelectron-
ics 0.18um technology and via Cadence Spectre
simulator. The supply voltage is 3. 3V and the to-
tal current dissipated is about 90pA. The OPA em-
ployed in this bandgap is a simple two-stage one
that can achieve a gain of about 100dB with a
phase margin of about 64°. Choosing a typical
model,in a temperature range between — 40 and
125C, the TC of the compensated BGR can
achieve a value as low as 1ppm/C ,as shown in
Fig. 4. We can see that before compensation the
difference between the largest and smallest output
voltages over the temperature range is about
1. 5mV, while the same value is reduced to only
about 200pV after compensation. Meantime, for
the topology in Ref. [10] the same quantity is
about 700, V. Besides, when choosing FF and SS
models respectively, this value can reach about
700 and 600,V , which also improve the tempera-
ture characteristic of the BGR a lot.
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2 12090 perature,and the temperature performance of the
g 120851 Uncompensated BGR may be further improved.
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Fig.4 Reference voltage before and after compensa-
tion

If we check the curve of the first- and sec-
ond-order derivatives of the reference voltage re-
spect to temperature, we can observe that there
are three and two zeros in the whole temperature
range, respectively. Remember that in most tradi-
tional high-order curvature compensation tech-
niques there is only one zero of the derivative.

— Ist-order derivative

(@V/IT)/(105V/K)

—2nd-order derivative
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Fig.5
ence voltage with respect to temperature

First- and second-order derivatives of refer-

Finally,we check the curve of currents I, and
I, with respect to temperature, and their values
are really much less than those of Iy and I,
which fit the assumption we made before. In fact,
the realization of I, and I, is one of the most im-
portant factors in this circuit. Were we to find a
better circuit realizing such currents, we may find
even more than three zeros of the first-order de-
rivative of the reference voltage respect to tem-

Fig.6 Current /¢ and I, versus I, and [,

6 Conclusion

A new multiple-point curvature-compensated
CMOS BGR has been proposed. Temperature
compensation is achieved by setting more than
one zero of first-order derivatives of the reference
voltage respect to temperature in the whole tem-
perature range. Compared to the traditional cur-
vature compensation technique, this method is a
kind of innovation of the design methodology.
The proposed BGR can achieve a fairly small TC
and is very simple,requiring only four more MOS
transistors and two more resistors.

The circuit is simulated in ST Microelectron-
ics 0.18um technology and under typical condi-
tions the compensated BGR can achieve a temper-
ature coefficient of 1ppm/C over the temperature
range of — 40 to 125C. Simulations results con-
vinced us of the feasibility of the MPCC method
for BGR design,and in the future the circuit will
be taped out and tested.
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