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LECTURE 1 - HOW TO DESIGN BIAS CIRCUITS
INDEPENDENT OF V,, AND TEMPERATURE
Topics:
« How temperature influences circuit performance
« Bias voltages independent of Vpp (V) and temperature (7)
« Series and parallel bias circuits
« Design procedures
« Examples

What will I learn?
« The principles of Vpp (V) and temperature (T) influence
« How to design voltage and current bias circuit that minimize the
influence of temperature
Dr. Phillip Allen
Prof. Emeritus, ECE, Georgia Tech Version 180730
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Temperature Influence (T) on Bias Circuits
How does temperature influence circuits?

1. MOSFETs: ij, = L= (Vs — Vy)?

5
T
Ky(T) = Kj(T) () and V(1) = Vp(To) + a(T = Ty)
a = -2mV/°C to -3mV/°C for NMOS (PMOS has a positive sign)
C = VBE
2. BJTs: i, = ,BISexp( . )

T\2 —v KT

~ Z — ATY BG _ kT

B(T) = B(T,) (To) , I,(T) = AT exp( 7 ), and V; .
A is a temperature independent constant

3. Resistors:

R(T) = R(T,) + TC;X(T —T,) + TC,x(T —T,)? + -
4. Capacitors:

C(T)=C(Ty) + TC;X(T —T,) + TC,X(T —T,)? + ---
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Temperature Independent Bias Circuits

Principle
Cancel a positive going TC with a negative going TC

Veer = Vprar(T) + K-Verar(T)
Voltage

where \ /VCTAT(T) + K-Vprar(T)

A
Vorar(T) is a voltage that is proportional to IZ_C;AT(T 0)T+
absolute temperature (PTAT) PrAT(T0)
Verar(T) is a voltage that is complimentary Vo (T —
to absolute temperature (CTAT) (7o) \y (1)

K is a temperature independent constant K/VPTAT(D -
that makes Vi (T) independent of PTAT — MCTAT
temperature VPTAT(T(())) 1 X

0 (T-To)

100325-12

/

and

Problem — finding true PTAT and CTAT voltages!
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PTAT and CTAT Voltages
PTAT and CTAT Circuits

PTAT: /1l :
{*}1 M1 M2
XA Vorar = VeIn(N) if I; = I,
R VPTAT X1 D1 B VP TAT
CTAT: — 180423-02 Nonllnear term
:IpTAT | IpTar
A
+ L Verar = Vo — Vel — @} Viin (3)
VeTaT VetaT  where 1 = ATyexp VBG and i _ pTa
PTAT

" 180423-03
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Temperature and V,;, Independent Sources

] _ _ _ _ iVDD
Simple Series Bias Circuit A
T M1 ) o M2 I M3
Circuit: ' : |lemar
Vrer = IprarR2 + Verar = (R2/Ri)Verar+ Verar /1l leTAT VREE
= KVprar+ Verar R
Substituting for Vperar and Vcrar gives, Ql— Q2 ¥ Verar
A x1 xN | + ¥
Vegr= KVeIn(N) + Vi — Ve(y — a)In(T) — Viln () e R?_% -
Differentiating with respect to T and setting T=T; gives, + -
Weer (7 = 70) = K2 (V) -2 (= )n(Tp) = 2 (y —@) -2 (8)  ~ 7
dT D o 0 T, ¥ T, B

Setting the derivative equal to zero, gives,
KIn(V) = In (5) = ( = )[1 + In(Ty)]
Substituting back gives,
Veer= (v — Ve [1 + In(To)] + Ve — Ve (y — @) In(T) = Vg + (y — &)V, [1 + In (%)]

At T = Ty, the reference voltage is
VREF: VBG — Vt(y - a) = 1.205V+0.057V = 1.262V (T = TO = 27°C)
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Temperature and V,, Independent Sources
Design Procedure BT1 Vbp

Y
. . M1 L 17“TM2 1 M3

/
1 Select I, and lp7aT Pdiss = VDD(Il + ZIPTAT) | l FIAT
hy l/PTAT VREF
2 Use Design Procedure BV1' to design Q1, Q2, M1 and M2. Let M3 = M2 +—°
1 +— Q2
3 Ri=Vomur/lpmr = v Y Verar
X1 xN | + + R
_ _ (9Vcrar/dT\__ (dVcrar/ dT) aVeTAr o Ri<Vprar Ro< D2
4 Ry/R, (deTAT/dT) ( 2000V /°C ar -2mV/°C e Ry VPTAT
5  Vger=1.262V regardless and will require a startup circuit™ ° - 180423-04
2

Example 1 VReF = R_1VPTAT + Verar

Use Example 1 of Bias Design Independent of Vpp and Process to design a series
reference voltage.

1.) From BV1, Ipr4r=2pA, all PMOS are 50um/10um, area of Q1 is 10pm? and Q2 = 100pum?
(actually replicate Q1 10 times), and R;=29.93kQ

2.) Ry/R; = -[(-2000pV/°C)/(200uV/°C)] = 10 — R, = 10x29.93kQ =299.3kQ

T See how to design common source bias circuits independent of Vpp
T See how to design startup circuits
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Temperature and V,, Independent Sources
Tuning the Simple Temperature Independent Bias Circuit

V
i DD
M1L:]} ;"‘TMZ |[:J M3
|lpTar
’1l lIPTAT VREF
——0
+
Q1 J— Q2 Y Verar
X1 xN | + ¥
R2
R1SVpraT R2 Ry VPTAT

180423-04

VRer(To)

AICDesign.org

VREF _
4 Too much Vp7aT: increase R1 or decrease Ry
Y e Bl s S =7
Too much V¢graT: decrease
' Rq orincrease Ry
27°C Temperature
VREE 180712-01
4 AVREEX 106

~ VReFX(T2-T1)

(ppm/°C)

T To

L,
T2 1g0712-02
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Temperature and V,, Independent Sources

Brokaw Bandgap
Simple Bandgap Bandgap (Vze>V5s) Improved PSR Bandgap

replaced by PMOS devices

Q3, Q4, and Q5 can be I -
1
v
if their matching is reasonable %
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Temperature and V,, Independent Sources

Brokaw Design Procedure BT2

Simple Brokaw Bandgap, Ve = Vie
1 Rz =V t ln(N)/IPTAT

& _ RT(@Vy, /dT) _ R, 300(=2mV /°C)

Choose Ip747, N = Area of Q2/Area of Q1

Makes dV,s/dT = 0, need a good value for

1

Brokaw Bandgap with Vg > Vg

2V, In(N) 2-0.02581In(N)

| dVge /dT[ or use 2mV/°C

3 R +R. = Veer Choose the current through R, and Rs, I, 5.
YL Vier is the output greater than V.
v,
4 Ry =—%%(R,+R;) and R, =(R, +R;)-R; Designs the increase of Vg to Vi,
REF
5 R, = R Eliminates the b ts of Q1 and Q2
== iminates the base currents o an
* R/(R,+R,)
Brokaw Bandgap with improved PSR (PTAT circuit)
6 R, =V ,In(N)/I s Choose Ipra7, N = Area of Q2/Area of Q1

7 Choose W/L of M1 and M2, M3 = 4xM2
8 Q3 = Q4 = Q5, M6 arbitrary

Cancels base current of Q3, Q4, and Q5
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Temperature and V,;, Independent Sources

Example 2 - Brokaw BG Design VpD
Let Vpp = 5V and Is,ppy, < 10pA. Design Vger = 1.5V L_’] |<JM2
M1 |
1.) Let N=8 & choose Iprar= 2HA, therefore l4IPTAT
V,In(8)
) = = 26.83kQ \
IPTAT Y —
o o _B
2.) Design R, Rl_RzT(dVBE/dT) 26.83kQXx300°K (2mV/°C) Q1 < ot =
2Veln(N) 2x0.0258%2.079 |Ico |
PTAT
= 150kQ Q2 Ry
D AN
3.) Let 145 = 2uA, then Ry+Rs = 1.5V/2uA = 750kQ 1
1.26 IpTAT R2
4.) Rs=y PE(Ry+Rs)= ( )(750kQ) 631kQ. Ry=750kQ-631kQ=119kQ L2 ApA,

5.) R3=(R2R4R5)/[R1(R4+R5)]=(26.83k-119k-631k)/[150k(750k)]=4.475kQ
6.) Rg= Vi In(N)/Iprar = 0.0258:2.079/2nA = 26.82kQ
7.) Choose W;/Ly = W5/L, = 20pm/10pm and W3/Ls = 80um/10um

8.) Let the emitter area of Q1, Q3, and Q4 be 10um?, Q2 is x10Q1, Q5 is 2xQ1, and Weg/Le =
40pm/1pm.
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Temperature and V,;, Independent Sources
Parallel Bandgap

Combine Ipry7r With I-ra7 to yield a reference voltage.

Icra7 Circuit: Parallel Bandgap Circuit:
Vbp VD
! 4
w2 el |
IpTAT | 1 =T —
l PTAT
:]l e I[‘_‘ | A e 1[‘_‘
[ IL_ 1 / l / [ Ii_ | |
M3 M4 M5 1 | era7 [mi3 Ms| M6 |[/cTaT||lprar
lcTaT \:>
M2 ] : 01}— Q2 w3 0
Q1 5 S AT+ %Rg Vrer
AT VBe Ro<Z VeTAT
VBE %Rz S - _ —
- PTAT Circuit — CTAT Circuit 180425-02
-+ 180425-01
Vprar | VCTAT R3 (R>
Vrer = R3(Uprar + Icrar) = R3 ( o Fe A o =2 7. Verar + Verar
1 2 2 1
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Temperature and V,;, Independent Sources

Parallel Design Procedure BT3 " iVDDM'ﬂ _
I [+ |
Select I, I, I3, 14, Is, I, and I Paiss = Vbp (21 11 ) h | lprar M'3 ,\'A'g I\I/I6 Jorar Vierar
5 Use Design Procedure BT1 to design Q1, at Va2 s :]|_ - l/CTAT
Q2, M1, M2 and R. ALY, A
VREF
3  Let M4 and M7 equal M2. Ip7ar currents equal Ri Y”TAT VBE RZ%VCTAT%
4 Let M3=M5=M6=M2, Ws/Lg = Design of M8 is = 8042601
10um/2um, and Q3=Q1 arbitrary
Example 3

_ _ (%Vcrar/dT\_  (dVcrar/dT dVerar °
5 Re/Ri= (deTAT/dT)_ (200w/°c) ar ~2m v/°C

-1

Design a parallel voltage reference
of 0.75V. Vpp=5V, and Ig,,y 15HA.
1.) Select all currents as 2uA.

2.) From BT1, the W/L of M1, M2, M3, M4, M5, M6, and M7 = 50um/10um, the area of Q1

is 10pm2and Q2 = 100pum2, R;=29.93kQ and R, = 10x29.93kQ =299.3kQ.

1
3.) Wg/Lg=10pm/2um and Rsy= VREFRZ( Vorar +VCTAT) =(0.75x299.3k)/1.262 = 177.9kQ
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Troubleshooting Bandgap Designs

Debugging Advice

90% of the issues having to do with the bandgap not working properly have to do with

how well the current mirror performs as temperature, Vpp or process changes.
If you are having problems, simulate currents in the current mirror and check to see

that they track.
This is what they should look like:

If the currents in the current do not
track, consider improving the
matching of the current mirror by
cascading or other means of
improving the matching.

Be careful at high temperatures of
leakage currents influencing the
bandgap design.

1.35376 2.7

1.35374—

M15: 40.0C 1.353745V

1.3537

1‘35366:

V .
REF  Current Mirror 24
Currents\

1.35362-

1.35358—

M17; 125.0C 1.353512V

1.35346
1.35342-
; M16: 76,54969C 1,353305V

1.35338

1.35334—

1.3533 —

-40.0 -20.0 0.0 20.0 40.0 60.0 80.0 100.0 120.0 130.0

temp (C) 171206-02
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Summary - Bandgap Design

Voltage and Temperature Independent Bias Design
» Objective of biasing — independence of Vppand temperature

« Principle is to cancel a positive going voltage with respect to temperature
with a negative going voltage

« Simple bandgap

 Brokaw bandgap

« Parallel bandgap

» Design procedures — BT1, BT2, and BT3
« Examples

» Troubleshooting bandgap designs
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