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PRINCIPLES OF TEMPERATURE STABLE REFERENCES
Temperature Stable References

* The previous reference circuits failed to provide small values of temperature coefficient
although sufficient power supply independence was achieved.

* This section introduces a temperature stable reference that cancels a positive
temperature coefficient with a negative temperature coefficient. The technique is
sometimes called the bandgap reference although it has nothing to do with the
bandgap voltage.

. . Voltage
Principle Ver(To) + /J-'('r'ﬁ{ﬂ + K- Vpran(T)
VREF(T) = VpraT(T) + K-VcTaAT(T) K-Vpran(To)

i 1
where . ' _ VeranTo) |y 2. oy MCTAT
VpraT(T) is a voltage that is proportional c
to absolute temperature (PTAT) K-Vprap(T)
Verar(T) is a voltage that is //A-ET‘ MCTAT
Verar(To) I

complimentary to absolute temperature

(CTAT) B e O
and

K 1s a temperature independent constant that makes Vg gp(T) independent of

temperature
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PTAT Voltage

The principle illustrated on the last slide requires perfectly linear positive and negative
temperature coefficients to work properly. We will now show a technique of generating
PTAT voltages that are linear with respect to temperature.

Implementation of a PTAT voltage:

Voo Vop A Lol
VPTAT=AVp =Vp1 = Vp2 =V I 7| - Vi in T,
11_1%_2) lfs_z) ZA_z)k_T A_z]
=Viln[p) Tp) = Vilnl Tp) = Vi lnl &7 ="¢ In &,
it =1p.
100 3_49 a1
Therefore, if Ap = 10A1, AV at room temperature becomes,
k Q} 1.381x10-23]°K .
Ap
VPTAT = Vi In|z]
CMOS Analog Circuit Design © P.E. Allen - 2010
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Psuedo-PTAT Currents
In developing temperature independent voltages, it is useful to show 4 VPt —
how to generate PTAT currents. A straight-forward method is to - MN—=;-
superimpose VPTAT across a resistor as shown: R Ippur

100326-02

Because R is always dependent on temperature, this current is called a pseudo-PTAT
current and is designated by IpTAT’ .

When a pseudo-PTAT current flows through a second

resistor with the same temperature characteristics as the +V PTAT1 _{_’ PTAT2.

first, it creates a new VpPTAT Voltage. ---—AA\—- —»_/\N\’_ .-

The new VpTAT voltage, Vprapm is equal to, Ry Ipar’ Rz 100326.03
Ry

VPTAT2 = R| VPTATI
Differentiating with respect to temperature gives

dVprar2 Ra(dRy  dR1 | dVprari
dl “R{\RydT ™ Ridl)* dT

Therefore, if the temperature coefficient of R| and Ry are equal, then the temperature
dependence of Vprapm is the same as Vprary .
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Pseudo-PTAT Currents - Continued

This can be done through the circuits below which use only MOSFETSs and pn junctions
or MOSFETs, an op amp and pn junctions.

VoD VoD VoD VoD VoD VoD
h 4
M5 M1 ‘_’] M2 M3
h I
\Tprar Ip1ar
RS VIprar
D1154 il
1 D,
L A2
Psuedo-PTAT current generator using Psuedo-PTAT current generator using
only MOSFETs and pn junctions. MOSFETs, an op amp and pn junctions.

100326-04

In these circuits, /] = I and the voltage across D1 is made equal to the voltage across the
series combination of R and D to create the pseudo-PTAT current,

,_VD1-Vp KT (A2
IpTAT =7 R =Rq In

Aj
where Vg1 = Vgso for the MOSFET only version.
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CTAT Voltage

This becomes more challenging because a true CTAT voltage does not exist. The best
approach is to examine the pn junction (can be a diode or BJT). Vop

The current through a pn junction shown can be written as,

qDnnj2 CIDppno] (vp— Vo)) vp = Vo Iprar
Jp = LoNa + Ly V. | = ATV exp V,
+
Consider the circuit shown. It can be shown, that vp(7T) can be given as, Vi(T)
T T\ ykT [TOJ kT (JD 100326.06
vp(T) = Vol - Tp) + vpolTp) + ¢~ Inl7) + 5 Inj750

where,
VGo = bandgap voltage of silicon (1.205V)
T\ = a reference temperature about which 7 varies
y = a temperature coefficient for the pn junction saturation current (y =3)
Jp = pn junction current density

kT (T
In the above expression for vp(7) the term YT ln[TOJ is not linear with 7!

This term will create a problem called “bandgap curvature problem” because a perfectly
linear PTAT function cannot be cancelled by a term that is not truly CTAT.
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Pseudo CTAT Currents

The circuits below show two ways of creating a pseudo CTAT current using negative
feedback:" Voo

M3 M |
Ma
1 'rfn' iy ' El Jrf 'J':’|.l"l
M2 M3 L
M2
K
Gieneration of a pseudo CTAT current Cieneration of a pseudo CTAT current

using a bipolar transistor. using a diode 13 26-07

The negative feedback loop shown causes the current designated as I-747 to be,

. VB Vb
IcTAT'="R =R

.M. Gunawan, G.C.M. Jeijer, J. Fonderie, and J.H. Huijsing, “A Curvature-Corrected Low-Voltage Bandgap Reference, IEEE J. Solid-state Circuits, vol. SC-28, No. 6, June
1993, pp. 677-670.
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Temperature Independent Voltage References
Basic structures:
Vop Vi

Iprar’ = lerar' =

Verar Verr

Ry R
o
+

Veer

Series Form Parallel Form

Series form: D03 26-08

R
VREF = IPTAT'R2 + VD = [R_I)VPTAT + VCTAT
Parallel form:

R3 R3
VRer = (IpTAaT  + IcTAT)R3 + VD = (R_l] VpTAT + [R_Z)VCTAT =

R3)|(R>
Ro)||R;)VPTAT + VCTAT

To achieve temperature independence, VRer must be differentiated with respect to
temperature and set equal to zero. The resistor ratios and other parameters can be used
to achieve temperature independence.

CMOS Analog Circuit Design © P.E. Allen - 2010
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Conditions for Temperature Independence

Differentiating either the series or parallel form with respect to temperature and equating

to zero gives,
R> dVerarldT

K= ‘R =~ dVprar/dT
The slopes of VcTaT and VpTaT at a given temperature, 7)), are:

_dVerat | _Vb-Veo k| Vctat-Veo
MCTAT= 4T T=To~ T, (a-y) 9" T (o-y) To
where a = temperature dependence of Jp [J/p(T) o« T%, where a = 1 for PTAT
current flowing through the pn junction]
and

o _dverar | _g,n(JDz)_g,n(&)_m n(&)_VPTAT
PTAT™ dT T=To"q Up1) q \AJ) To \AJJ~ To
Therefore, the temperature independent constant multiplying Vprar is

‘ Ry VGo- VeTAT + (y-o)Vio
Temp. independent constant = K = R = VPTAT

Therefore,
VREF = Vgo-Verar + (-a)Vio + Verar = Voo + (y-a) Vo = 1.205V+0.057 = 1.262V

CMOS Analog Circuit Design © P.E. Allen - 2010
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Example 170-1 — Temp. Independent Constant for Series and Parallel References
(a.) Design the ratio of Ry/R; for the series configuration if Verar=0.6V and Ay/A| = 10
for room temperature (V;=0.026V). Assume y=3.2 and o= 1. Find the value of VREF.

Ry VGO- VCTAT+(-0)Vio 1205 - 0.6 +2.2(0.026)
R1~ VPTAT =7 0026023026) = 11.06

VRer =1.205 +2.2(0.026) = 1.262V
(b.) For the parallel configuration find the values of Ry/R;| and R3/R, if VRep =0.5V.
From (a.) we know that Ry/R| = 11.05. We also know that,

R3 R3 R3)|(R>
R1)VPTAT +|R,)VCTAT =|R,)||(R;)VPTAT + VCTAT

= (R3/Ry)[11.051n(10)(0.026) + 0.6] = (R3/R»)1.262 = 0.5
(R3/R>) = 0.3963
If Ry = 1kQ, then R, = 11.05kQ and R; = 4.378kQ

VREF =

CMOS Analog Circuit Design © P.E. Allen - 2010
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A Series Temperature Independent Voltage Reference

An early realization of the series form is shown below':
Assuming Vg =0, then Vg is

J2 J1
Vr1= Ve - Vep1 =V in[7 5| - Vi InF
DAE) RZAEl]
= VilnAg,) = ViR AR
The op amp forces the relationship ;R = LhR3 —
Ry Ry RyAE) Ry) (RoAE)
- VRer = VEgrthR3 = VEpo+VRIR,| | = VEB2+ R VAN R ARy = Verart (R, IR Ay Ve

Differentiating the above with respect to temperature and setting the result to zero, gives

Ry l RAg1) Vo - Verar + (r-a)Vio
Ry "MRApy) = Vi
If Vog # 0, then Vigp becomes,

R, R,
VREF= VEBZ 1 +R1 VOS+R1 thn

RoAE Vos]]
RiAg\l - TRy

" K.E. Kujik, “A Precision Reference Voltage Source,” IEEE Journal of Solid-State Circuits, Vol. SC-8, No. 3 (June 1973) pp. 222-226.
CMOS Analog Circuit Design © P.E. Allen - 2010
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Example 170-2 — Design of the Previous Temperature Independent Reference
Assume that Ag1 = 10 Ag2, VEg2 =0.7 V, Rp = R3, and V;=0.026 V at room temperature
for temperature independent reference on the previous slide. Find R»/R; to give a zero
temperature coefficient at room temperature. If V,; = 10 mV, find the change in V... Note
that I1R> = Vrer — VEp2 — Vos.

Evaluating the temperature independent constant gives

Ry
R_l In

Ry Am} VGo- Verar+ (r-aVio  1.205 - 0.7 +(2.2)(0.026)
R3Apy ) = Vprar = 0.026 =21.62

Therefore, Ry/R1 = 9.39. In order to use the equation for Viygr with Vg # 0, we must
know the approximate value of Vggr and iterate if necessary because /; is a function of
VREF. Assuming Vggrto be 1.262, we obtain from

Ry ] R RoAg/| Vos |
L+R)Vos+ Ry VilnRAp\! - Vrgr- Vega - Vos)
anew value Vrrgr = 1.153 V. The second iteration makes little difference on the result
because Vggr is in the argument of the logarithm

VrEF= VEB2 -

CMOS Analog Circuit Design © P.E. Allen - 2010
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Series Temperature Independent Voltage References
The references shown do not use an op amp and avoid the issues with offset voltage and
PSRR. Voo Voo

Vit
2V el san)

H]{ Vippp= 1262V

R i ”*f
I, L -
' _.\H L i
=1 ,_VBE2-VBE1T _ Vi In(l—) In |_1]] Vpi=DhR| + Vp2
1 PTAT Ro R s Is1 v,
Vzl Is1 th AEl] I3=Db=Ip1aT =T} In(n)
= N7~ =p. IN|A ~
R2 152 R2 AE2 R A VREF = VD3 + I3(kR) = VD3 + kVt 11'1(”1)
1 El
Since I1= 12, VRer = Vge2 + [1R1 = VBE1 + |}, In A—Ez]]v, = Verat + kIn(m)Verat
R [AEL
= Verat + R, Inlz )| VeTaT
CMOS Analog Circuit Design © P.E. Allen - 2010
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Parallel Temperature Independent Voltage Reference
A parallel form of the temperature independent voltage reference is shown below:

) Tear’ i
Crenerator Voo
LN

M3 'l :"J \ .r-J Mll}iyaj {prar

I '— Bus
)_I M4 \ M5
e g
[N (Y7
Loyir _’Ml . M2 Mf’jl lm.au l(F‘AT

Generator j Parallel
R l‘rPNf QA= temperature

D, : VRES
A Vo R+ independent .
1 Dy As = - % voltage R"
= = = = = reference =
R3 R3
VREF =R, |VPTAT + R,V CTAT

Comments:
* The BJT of the o747’ generator can be replaced with an MOSFET-diode equivalent

* Any value of VRefr can be achieved
* Part (b.) of Example 170-1 showed how to design the resistors of this implementation

CMOS Analog Circuit Design © P.E. Allen - 2010
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How Can a Bandgap ‘“Current” Reference be Obtained?

Use a MOSFET under ZTC operation and design the parallel form of the bandgap voltage
reference to give a value of Vzc.

Voo Vbp ,
A A :
I | IREF
PTAT Iypg M
o |
.
060529-09 — —i— =
CMOS Analog Circuit Design © P.E. Allen - 2010
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Bandgap Curvature Problem

YT (To VoM (1) + KV prar(T)
Unfortunately, the =~ ln(T] term of the pn Verar(To) + |y &M r
. . . . . K-VprarTo)
junction contributed a nonlinearity to the Va I
CTAT realization. This is illustrated by the Verm(To) |, 2 o MCTAT
dashed lines in the plot shown.
The result is shown below where the reference “}f" TAT(T) r .
voltage is not constant with temperature. _ MPTAT = METAT

Ve o v . VPrarTo) 1
2u0 | - =T 0 >

T, =400 K ] { l:""""’”"
R — — 10032512

Comments: o femperaure (0}
* True temperature independence is only achieved over a small range of temperatures

* References that do not correct this problem have a temperature dependence of 10
ppm°/C to 50 ppm/°C over 0°C to 70°C.

CMOS Analog Circuit Design © P.E. Allen - 2010
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Some Curvature Correction Techniques
* Squared PTAT Correction:

A
Temperature coefficient = 1-20 ppm/°C | VBE Vorar -
\\\\\\ ~ //’// //
% >l 7
e VBE loop K N
= prag PR \\\
M. Gunaways, et. al., “A Curvature- > -7 Vprar2 .-~ RN
Corrected Low-Voltage Bandgap e AN
29 L
Reference,” IEEE Journal of Solid- Ve =VBE + VPTALS VPZ‘ATZ

State Circuits, vol. 28, no. 6, pp. 667-
670, June 1993.

Temperature Fig. 400-01

* [ compensation
I. Lee et. al., “Exponential Curvature-Compensated BICMOS Bandgap
References,” IEEE Journal of Solid-State Circuits, vol. 29,no. 11, pp. 1396-1403,
Nov. 1994.

¢ Nonlinear cancellation

G.M. Meijer et. al., “A New Curvature-Corrected Bandgap Reference,” IEEE
Journal of Solid-State Circuits, vol. 17, no. 6, pp. 1139-1143, December 1982.

CMOS Analog Circuit Design © P.E. Allen - 2010
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VBE Loop Curvature Correction Technique

Circuit:
VDD Operation:
3-Output Current Mirror (Iy+Ing) i VBE1-VBE2 ﬁl IclAz]
Vpop  Vpp NL = R3 = R3 ™MA1lc
IpTAT B ﬁ / 2IpTAT ]
v =~ R3 "\INL+Constant/
IpTAT REF h
’ o where
Somrant Iconstant = INL + IPTAT + IVBE
%Rl Vi VBE
Fig. 400-02 =~ INL + R_X + R2

(a quasi-temperature independent current subject to the TCF of the resistors)
where

Vi=kT/q

I¢1 and I are the collector currents of Qp1 and Qp2, respectively

Ry = a resistor used to define IpTAT
VBE Wt 2IpTAT
VREF =| Ry * R3 "IN + Iconstant

Temperature coefficient = 3 ppm/°C with a total quiescent current of 95y A.

+IpTAT | R1

CMOS Analog Circuit Design © P.E. Allen - 2010
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S Compensation Curvature Correction Technique

Circuit: Operation:

in

BT B
VREF = VBE +[AT+—(1+ﬁ)] R =VRBE +(AT+7TJ R
where
I=AT 0 I=BT A and B are constant

T = temperature
The temperature dependence of 3 is

BTy < eUT = f(T) = CerlT

VREF

= Fig. 400-0
BTel/T]
. VRer = VBE(D) + AT+ —¢C

Not good for small values of Vjp.
Vinz Vegr + Vear. = Voo + Vi = 1.4V

CMOS Analog Circuit Design © P.E. Allen - 2010
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Series Temperature Independent Voltage Reference with Curvature Correction
Objective: Eliminate nonlinear term from VcTaT. '

Result: 0.5 ppm/°C from -25°C to 85°C.

Operation:

VRer = VpTaT + 3VeTAT — 2Veonstant
Note that, Iptar = lcxT1  =a=1 —
and Iconstant = e = TO = a=0, 1 (y)

Previously we found,

T
Verat(D) = Veo - T, [Veo-Verat(To)] (v -a) Vi In

TO HE Ve
so that %22 Vo
T o
Veratetan) =Veo Ty Veo-Vee(To)-(r-D Vi In| 7
and

To

T
VeratUconstant) =Veo - T [Veo -Verat(To)] -yVi In

Combining the above relationships gives,
VRer(D) = VpraT + Voo - (TITo)[Veo - Vetat(To)] - [y - 3] Vi In(T/Ty))
Ify =3, then VRer(T) = VpraT + Vooll - (T/Tp)) + Verat(To)(T/To)

CMOS Analog Circuit Design © P.E. Allen - 2010
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A Parallel Version of the Nonlinear Curvature Correction Technique

The last idea was good in concept but not appropriate for CMOS implementation. The
following is a better implementation.
Vop

G:rig:;mr MQE“ Mi,%l il"—Jmn [ - :E”"“
Bus Bus
M3 T M4 Y= o ’Itm:; s [ M9
';Il, l!a fﬂm‘ll é‘-?:—;]: MM_—.I [:MIS i;r'r:nﬁr' l*’ﬁ'r:.r.r"
Mﬁ:l o : l-’m:ﬂ.r' ll’p'ﬁﬁ" l"t.}n.-.«.r.' lf. ' +°
M1 | M2 M7 lff':.u' '[:Ml“a Const.
»J—TMS s il ;

Ry 2l X % VrEF
i PTAT Vv . 0
D, Dy %V R | Zrc M lr;:]L[:M 17

Aa = f{'mr_h.'. H

Ay Dy R

= = = = —  Generator — = = = s

, ’ Ro Ro Ro
VREF = RoUPTAT + ICTAT — lconst] = Ry VPTAT + R, VTAT - Ry Veonst.

Use the resistor ratios to eliminate the nonlinear term given y and o.

CMOS Analog Circuit Design © P.E. Allen - 2010
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Parallel Curvature Correction Reference - Continued
Substitute for Vorar and V.. 1n the expression for Vggr.

Ro Ro T T

Vrer =R, Verar+ Ry| Voo TylVeo- Verar(To)-(r-DV, Ini,
Ro T T
- Ry V6o Ty Vao-VerarTo)-yV, In|;

To cancel the nonlinear CTAT term, we want the following relationship to hold:
R() RO R2 (y-]) '
RUrD=gy = R;= 7 (Fortunately yis always greater than 1)

With these constraints, we find the voltage reference to be,

Ro Ro Ro

Vrer =R, VPrar+\R, R,
Ro 1 Ro T

=R, VPrar+ 3 R, Voo Ty Veo-Verar(To)]

Ro [k r Ro [1hs
=R, | Ry VPrartVeo T Veo-VerarTo)l|[ =R, [ Ry Verar+tVerar(To)). (T =Ty

T
[VGO‘T_O[ Vo VCTAT(TO)]]

Design yR,/R; to achieve temperature independence and Ry/R; to get VyEp.

CMOS Analog Circuit Design © P.E. Allen - 2010
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Example 170-3 — Design of a Zero Temperature Coefficient Voltage Reference

Assume that Verar=0.7 V,R3 = 10kQ2, y=3.2, A, = 10A, and V;=0.026 V at room
temperature for the parallel curvature correction circuit. Find R, and R3 to give a zero
temperature coefficient at room temperature and a reference voltage of 1.0V.

To eliminate the nonlinear CTAT term,

Ry -1 2.
R_3=¥—(3 2)—06875 = Ry =6.88kQ

To cancel the temperature dependence,
YRa VGo- VCrar+ (r-o)Vio

Temp. independent constant = K = L= VPTAT
or
YRy VGO - VCTAT + (}/-O()Vto (1.205 - 0.7 + (3.2-1)(0.026)
R = VPTAT = (0.026)(2.3026) =9.3907 = R1=2.34k<Q2
The reference voltage can be written as,
Ro |YR> Ro
VREF = VRZ Rl VerartVerar(To) | = YRZ [9.3907(0.026)(2.3026) + 0.7]
Ry (3.2)
_— 1262 = 2535 = Rp=2.535R; =17.44k<2
CMOS Analog Circuit Design © P.E. Allen - 2010
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Other Characteristics of Bandgap Voltage References
Noise

Voltage references for high-resolution ADCs are particularly sensitive to noise.

Noise sources: Op amp, resistors, switches, etc.
PSRR

Maximize the PSRR of the op amp. Q2
Offset Voltages

Becomes a problem when op amps are used.

Ve = Vel + Ve + Vos iC2l ial _
I AE
AVpr = Vg - Vg = Ve + Vos =V, ln[lCIAEZ] R
SiIlCC lczR3 = lc1R2 - VOS 3% k2
lcz Ry Vos Ry ( Vos ]
then ic1 Ry~ iclRs = R; 1+ iciRy
Therefore,

4 Vee

+0

Fig. 400-05 VEE

RA V
Viei=-Vos+V, ln{RjAg{l + ic101§2}

Virer = Ve - Vos + iciR2 = Ve - Vos +

R) R
1+Rl +Rl Vl

&

2
R, RZ—VBEz Vos

RoAg| Vos
R3A52k l- iciRs

VREF - VBE2 - VOS

CMOS Analog Circuit Design © P.E. Allen - 2010
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Noise Analysis of a Bandgap Reference
Consider the simple classical BG reference shown
(Rp =10 Ry = 10kQ):

The open-circuit output noise voltage squared is
found as,

en02 = [enlz/Rl2 + €n22/R12 + <§’m526n32

+ 81115261142 + gm52‘?1152 + indlz/(gmllez)

+ ind2® + ind3® + inr12 + in2?] RY?

Assuming the MOSFETSs are matched and the dc
currents in D1, Dy, and D3 are equal gives,

060605-02

eno® = [gm52(en32+ena®+ens?) + indd®+ ind3? + inr1? + ins2?] R2?
Thermal noise gives (g;,5 = 400uS),

4kT  4kT
eno = 8kTgm52R22+4q11+(W+ E]RZZ = 5.3x1071946 4x10-23+1.7x10 13(V2/Hz)

1/f noise gives, KF
en02 = 3gm52W

CMOS Analog Circuit Design © P.E. Allen - 2010
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DESIGN OF BIAS VOLTAGES FOR A CHIP

Distributing Bias Voltages over a Distance
The major problem is the /R drops in busses. For example,

- I%A
* | {Ip1 D2
VBias = L 13“ Ll\}n :llOOﬂA
100xA I
-—- 4_ _’I
050716-01 I: 1mm ’I

If the bus metal is 50m€2/sq. and is Sym wide, the resistance of the bus in one direction is
(50m€2/sq.)x(1000pm/Sum) = 10Q2. The difference in drain currents for an overdrive of
0.1V is,

VGs1 = 1ImV + Vgs2 + ImV = VGs2 + 2mV
Ip1  (Ves1-Vin)?2  (VGs2-VIN+2mV)2 (0.1+0.002]2
ID2= (VGs2-VIN2 = (VGs2-VIN)? 0.1

=1.04

CMOS Analog Circuit Design © P.E. Allen - 2010
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Use Current to Avoid /R Drops in Long Metal Lines

Example:
VDD N
dv
Ca’! @ Noise
= 1
+ I ' i !
VBias __;_ S +
I—II_J1 I I—l VBias
|<— Long Metal Lines —>| 080228-01

CMOS Analog Circuit Design © P.E. Allen - 2010
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Practical Aspects of Temperature-Independent and Supply-Independent Biasing

A temperature-independent and supply-independent current source and its distribution:
VoD

¢..AH.H.

el T

Voo Vpp —t | } | |
f]uj[‘”' f()"n’ l!lﬁ,!.-f
N To Slave To Slave
+ Bias Cki. Bias Ck.
Ry < Veer ='*r.'.s<!'- ' U
g 1 1

= O60T04-01

The currents are used to d1str1bute the bias voltages to remote sections of the chip.
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Practical Aspects of Bias Distribution Circuits - Continued

Distribution of the current avoids change in bias voltage due to /R drop in bias lines.
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= Fig. 400-08
From here on out in these notes,
VPBias1 = VprB1 = VDD-IVTPI-Vsp(sat) Vppias2 = V2 = VDD-IVTPI-2Vsp(sat)
and

VNBias1 = VNB1 = VTN + Vps(sat) VNBias2 = VNB2 = VTN + 2Vps(sat)
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SUMMARY OF TEMPERATURE STABLE REFERENCES

* The classical form of the temperature stable reference has a value of voltage close to the
bandgap voltage and is called the “bandgap voltage reference”.

» Bandgap voltage references can achieve temperature dependence less than 50 ppm/°C

* Correction of second-order effects in the bandgap voltage reference can achieve very
stable (1 ppm/°C) voltage references.

* Watch out for second-order effects such as noise when using the bandgap voltage
reference in sensitive applications.

* Distribution of bias voltages over a long distance should be done by current rather than
voltage.
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