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LECTURE 4 - HOW TO DESIGN ULTRA-STABLE
TEMPERATURE INDEPENDENT BIAS CIRCUITS

Topics:

« Temperature stable bias currents

« Issues with ultra-precision bandgap references

« Curvature corrected bandgap with Vpp independence
« Design procedure

« Trimming and influence of process

What will I learn?

- How to design temperature independent voltage sources with a
temperature coefficient of 1ppm/°C or less over -50°C to 125°C.

Dr. Phillip Allen
Prof. Emeritus, ECE, Georgia Tech Version 190802
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Temperature Stable Bias Currents

Principle

Use a MOSFET in ZTC operation and design the parallel form of the bandgap voltage
reference equal to the value of V.

Voo Vop ,
)
lpTaT Cb Cb lvee Vlrer
:l’_ IE 6.0 o
Rs Vrer =VeslTC)
180524-02 L —i ==
Comments B Y

« Ability of the ZTC point not to drift with temperature will restrict the temperature
range
« The reference voltage must be equal to the ZTC voltage

« The voltage Vi will suffer the bandgap curvature problem which will be translated
onto Ixg-.
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PTAT and CTAT Voltages

Bandgap Curvature
PTAT is perfectly linear with respectto T
VPTAT = thn(N) lfIl = 12

AICDesign.org

CTAT has a term that is not linear with respect to T that causes the bandgap

curvature.

A
Verar = Vee —|Ve(y — @) In(T) |- Viin (E)
where I; = ATV exp (_‘;BG) and ippar = BT

t

Result of adding Vprar to VCTAT
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Cancellation of Nonlinear CTAT Term

Principle:
Eliminate the nonlinear term of the following CTAT expression:
V_(@)=V A -a)VIn(T)|-V.In(A/B)

CTAT BG{
Generate the following:

Verar(@ = 1) =Vge — (v = DV In(T) = V; In(A/B) — Icrar' (@=1)=Verar(a=1)/R,

and
Verar(a = 0) = Vgg —yIn(T) =V, In(4/B) - Icrar'(@=0) = Verar (a=0)/R, VoD

Combine the psuedo PTAT and 2 CTAT currents as follows,

Vrer = KitIprar + KotIcrar (e=1) = Kz:Icrar (e=0) 'PTAT leTat (0=1)
and R Rs 7 Rs a o
VREr = R_1VPTAT + EVCTAT(Q =1) - EVCTAT(C( =0) 7 y
To cancel the nonlinear terms requires that: AT (0=0) Rs S| Irer ’fEF
(R3/Ry))(y — DV In(T) = (R3/Ry)y Ve In(T) or Ry/R, =y/(y — 1) L P

Therefore we can write,
Virer = (R3/R1)Vprar + (Ra/YR2)Verar where Verar = Vigg - VIn(A/B)
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Ultra-Stable Temperature Reference
Design Equations

From last slide,
Vrer = (R3/R1)Vperar + (R3/YR2)Vcrar Where Verar = Vigg — Vidn(A/B)
Differentiate with respect to temperature to get,
AVREF _ Rs Vprar , Rs dVerar _ g _, Rz _ —T(dVcrar/drT)
dT R1 T ]/Rz dT R1 VXVPTAT
Substituting back into Vger gives,

R av
VREF —_ ysz I:u VPTAT + VCTAT] sz [ T == + VCTAT]
But,
Werar _ _ Ve 1 g /p) % [V,In(A/B) + Vg — V,In(A/B)] =
dT T XR,

The design equations are:

1.) Ry = Vprar/lprar

2.) Ry = [-T(dVerar/dT) /Yy XVprar]Ry = [T(2mV/°C)/yXVprar]Ry
3.) R, =({/y — DR,

4.) Ry = [yXVggr/Vpc] R
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PTAT Linearity Issues

Problem with canceling the nonlinear term

In order for the previous principle to work, Vprar must be linear with temperature.
Consider the following model for a BJT:

Verar = Vi — V2 = Vgg1 + Rpi1lp1 — Vg2 + Rpalpo :l/1 ,21:
I I ' I
= thn(—1)+R31131— thn(—z)—RleBz N | +
Is1 Is2 Ql g R, Q2
Assume I; = I, and Ig; = I, gives, Vi Bl | AR Vs
Verar = Ve In(N) + Ig1 (Rp1 — Rpz) - (x1 TBT TB; xN] 7
But Ry x /y.4Where A is the area of the emitter. R VeraT
Therefore, since Rg; = N X Rpy, _
Vorar oV, ln(N) n IB::B (1 . %) J__ 180607-01

To linearize Vpryr we must make A large, Ig small, and N = 1

However, as A becomes large, the leakage current at high temperatures causes Vprs7 to
be nonlinear.

To cancel the nonlinear term, I should be less than 1yA, N ® 2-6, and emitter
area as large as possible without experiencing high temperature leakage.
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Configuration Issues

i Current Mirror Current Mirror
Preserving Iprar
Iprar generated in the resistor Rprar must be the [lprar lpmar
same Iprar (Ipra7x) go0ing to the upper current R
mirror. lic
» For base-connected PTAT circuit, A — N A =N
Ig lIE Is l/E
Iprarx = Ic = axXlg = aXlprar

) ) ) Rprar l/PTAT Rprar l/PTAT

» For base-disconnected PTAT circuit,

Iptarx = Ic + Ig = I = Iprar ' = Sl b

Result: 10nA L Bases connected
Temperature influence of a causes 3133&‘ N
< NPT VL b
-_ R JA A PFesssssasmmmmmmm=
IPTAT IPTATX to va ry over tem peratu re L.l 10pA L Bases disconnected no op amps
for base-connected PTAT circuits. < 1pA
, & 100fA

Unfortunately, techniques other than op 10fA L Bases disconnected using op amps
amps do not achieve sufficient reduction of 1fA ' ' ' ' ' —~. ,

I I -50°C -25°C 0°C 25°C 50°C 75°C 100°C125°C
| PTAT — PTATXl . Temperature 180619-02
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Configuration Issues - Continued

Preserving Icrar

I-rar generated in the resistor Rprar must be the lPTaT |
same Iprar (Icta7x) 9o0ing to the upper current lpTar | . SN [
MmIrror. | . I l/CTATX JlIB
« For base-connected CTAT circuit, — D
Ictarx = Ig + Icrar lfg\r l’CTAT IpTAT | Rerar %l/cmr

« For base-disconnected CTAT circuit,

1 180619-03

Iprarx = Iprar

. 10nA L Base connected to RCTAT
Result: e
. _ n -
Temperature influence of a causes X 100pA |-
I~
ICTAT - ICTATX to vary over temperature \? 10pA -
- - l\ —
for base-connected CTAT circuits. < 1pas
L 100fA
Unfortunately, techniques other than op 10fA Base not connected to RCTAT
o of . 1fA 1 1 1 I T T 1 >
amps do not achieve sufficient reduction of '50°C 25°C_0°C  25°C 50°C 75°C 100°C 125°C

|ICTAT . ICTATXl . Temperature 180621-01
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Temperature and V,, Independent Sources

Circuit Implementation: Voo
PTAT
\:]: BUSSH“| ?‘" L :{‘_" ~ :{‘_" M ~ :[‘»J
= cTATY e CTAT1 e
Buss H "|[t‘CTATO Buss—T— i ‘—H:
Buss |« ‘_”4_—
I I lpTATl l/CTAT1
PTAT CTATY’
l l CTATO ICTAT1 V-
- 4 - 4 - 4 l - 4 l D
] /CTATOl

Qﬁ— Q2 a3 Qéﬁ— Q5
) 3 ”
x1 X x1 Rcmrv% x1 Rcmro% x1 Rcmn% %RVREF

Rp1aT ’:] [%

PTAT Circuit CTAT?’ Circuit —== CTATO Circuit CTAT1 Circuit Output Circuit

Note that two CTAT1 generators are necessary- oosee
1. One is used to generate CTATO (CTAT1")

2. One is used to create Vzer (CTAT1)

3. Cannot cancel the nonlinear term if changing CTAT1 influences CTATO
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Op Amps?

Requirements

« Gain = 60dB

« 245° phase margin

* Minimize the input offset voltage (should be
less than 10 times the anticipated AVgeF)

The op amps used in the curvature corrected
bandgap design need only be one-stage because
the current mirror and resistive load constitute a

second stage.

AICDesign.org

Vbp
-
7:1=7] DJ_rF—Ir__

Vout © @
etz i | l: Vinn Vinp

Vinn o o Vinp

Vout

Vent o——

—180621-03

For details on the design of the op amp see How to Design Op Amps in the How to

Design Analog IC Circuits Series.
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Ultra-Stable Temperature and V,,
Independent Source Design
Ultra-Stable DeS|gn Procedure BT4

Rprar = 1.386V,/lprar Choose lprar < 1uA, N = Area of Q2/Area of Q1 = 4
2 Rerary = (RprarT(dVg/dT))/ (Vi In 4) Makes dlcraro/dT = 0, need a good value for |dV,:/dT| or use 2mV/°C.

3 R _ RprarT(dVpg/dT) Makes dVge/dT = 0, need a good value for |dV,./dT| or use 2mV/°C.
CTAT1 — ¥ Ven(4) Guess y = 2 if not know and adjust later
4 Reraro = Y/(y — DRprar If y is not known guess y = 2 and adjust later
YVrEF
5 Ryrgr = —— Rerars Vs = 1.205V
BG

Example 1

Let VDD = 3V. DeSign VREF = 1.0V
1.) Let N = 4 and choose Iy, = 0.25uA, therefore R, = 1.386%x0.0259/2pA = 143.6kQ

2.) Design Rerarir= RpparT(dVgy/dT)/(V, In(4))=143.6kQx300°K(2mV/°C)/(0.0258%1.386)= 2.4MQ
3.) Design Rerari= RpparT(dVsp/dT)/(yV, In(4))=143.5kQx300°K(2mV/°C)/(2x0.0258x1.386)= 1.2MQ
4.) Design Reraro = V/(¥ — DRerars = (2/1)%x1.2MQ = 2.4MQ

5.) Design Ryrer = [¥XVrer/Vesl Rerar: = (1X2x1.2MQ)/(1.205) = 2MQ
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Ultra-Stable Temperature and V,,
Independent Sources
Design adjustment Procedure

o sep | Adustmet
1 Adjust Rcrar:- to make Icraro flat with respect to temperature (do not change Rpra7in design step 1)
2 Adjust R4, to make V. flat as possible with respect to temperature (do not change Rpr47in design step 1)
3 Select Rera7o that is less than that in design step 4 and repeat steps 1 and 2 above.
4 Select Rcra10 that is greater than that in design step 4 and repeat steps 1 and 2 above.
5

Pick the value of Rcr47 that gives minimum dVz-/dT or TC

Design results

1.00537 C 466.4
TC (ppm/°C) E Iconstant F
3 1.00534 F 465.8
25 1.00532 Simulation Results for 0.18um BiCMOS [ 465.4
: ] TC =137/175=0.78ppm/°C F ﬁ
S 2 2 1.0053 7 Re7ar = 143.5K, Rerary = 2.59M, F465.0%
> - - n =
€ 1.00528 3 Reraro = 3.895M, Rerars = 1.584 E 4646
g1 \ E and Ryger = 2.210M .
5] 1.00526 3 L 464.2
(= — 1 F
\ @ 1.00524 ] E 463.8
05 3 4 dx:105.0C dy:136.984801uV 5:1,304617 15uV/C E
1.00522 1 % 463.4
o R L e e e e e e e
213 2315 25 2686 2872 3.06 3.243 -50.0 30.0 -10.0 10.0 30.0 50.0 70.0 90.0 110.0 130.0
RCTATO/RCTAT1 temp (C)
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Process Dependence

Influence of Process
Unfortunately, the ultra-stable temperature reference is very sensitive to process.

Tuning will be necessary in a manufacturing environment. Fri Jun 22 10135102 2018 1
Q" v o= —i——a JI}]
- -
Trlmmlng Procedure 1‘0064? Strong Trim - TC = 150/175= 0.86 ppm/°C 9240
E RPTAT = 143.5K - 523.8
1 E RCTAT1P =2.666M 3
1. Assume nominal meets specs 100616 ,
. k E RCTAT1 = 1.5968M 034
2 T R t I t t 1.00592— . RVREF = 2,247M . '
. ri m CTATO O m a e CTATO CO n S a n . 922 A dx:147.0C dy:149.939298uV 5:1.01999523uV/C, M15: 97.0C 1.005748V Sy LEP]
3. Trim RCTATl and R VREF to achieve WISTE N w16 50.0C 1005598V —
4 E - 522.8
d eSI red TC 1‘00544—; 5226
£ 1.0052 4 -_522'45
> E| - 522.2 —
E @ m——l ; :
Xam p e. 1.00496- MS: 125.0C 1,004849v S TR
_ ‘ —521.8
1‘00472—; '8 dx:136.5C dy:174.860068uV 5:1,28102614uV/C —-521.6
E Weak Trim - TC = 175/175 = 1ppm/°C  Nominal - TC = 136.5/175 = 0.78ppm/°C 5214
1.00448 RPTAT = 143.5K RPTAT = 143.5K . 5212
E RCTATIP = 2.522M RCTATIP = 2.59M =
3 RCTATO = 3.900M -3 =521,
1.004245 RCTAT1 = 1.7722M RCTATI = 1 98%8M e
E RVREF = 2,1724M RVREF = 2.21M - 520.8
1.004 E-520.6
500 30.0  -10.0 10.0 30.0 50.0 70.0 900  110.0  130.0
temp (C)
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Summary - Ultra-stable temperature sources

Curvature-Corrected Bandgap Design

« How to create a temperature stable current from a temperature stable
voltage

CTAT curvature cancellation technique
Issues with ultra-stable temperature sources
— Base currents
— Op amps versus no op amps
Design procedures — BT4
Example

Influence of process and the need for trimming
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