ECE569 Analog IC Ch 8




ECES569 Analog IC 8.2 Bias circuit Ch 8

|deal voltage or current source : no PVT dependence

(PVT: process voltage temperature)

1. Supply voltage dependence of bias circuit
2. Self-bias circuit

3. CMOS band-gap reference



ECE569 Analog IC 8.2.1 Supply dependence chs

Simple current source (use VDD as reference voltage):
VDD increase = |lout increase

AVpp  (W/L)
Rl 1 l/gml (W/L)l

out —

_I/QD __VQD
R= ms (W/L),
l[f@f l jout l]fé’f l [ouz‘
5 MK W/L)1| M2W/L), — M W/Dli M2 (W/L),

777 777 777

(a) (b)

Fig 8.2.1 Simple current bias circuits




ECE569 Analog IC Self—bias circuit Ch 8

A simple self—bias circuit

VDD
W w
Tk k(T
I'rer lo
ou

(T )y ol I (),

=M, M; =

[, = Klppr lout can be any value (including 0),
Cannot be used

Razavi



ECE569 Analog IC Self—bias circuit Ch 8

Voo lout determined to be a single value

M M
(D), A-—E ),
M3, M4 = [ref = lout
|
i Y /out M1, M2, Rs =
i w VGS1 = VGS2 + lout x Rs
(I )N :'I “-: K(-l: )N
=R,
210!11‘ . 210111‘
\/uncox(W/L)N T VTHI E J“’ncoxK(W/L)N + VTH2 + IoutRS

2 1 1 \?
I ey . 1——
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ECE5SB9 Analog IC

w
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I Rer
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Y /out
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Self—bias circuit Ch 8

. 2 1 (1 1 )2
T unCox(W/L)y R VK

lout can be 0 =» needs start—up ckt

Body effect on M2 =» inaccuracy

Razavi




ECE5SB9 Analog IC

w
(W),
I Rer

()

|

Self—bias circuit Ch 8

=Rg
M M
(), A ISIE-- K(T),
’REF Y’out
(T )y :IM Mu. (),
= M 2 T

Body effect eliminated

Errata: M4, M2 in diode
M3, M1 Not in diode7
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ECEHB9 Analog IC Ch 8

Iref = lout (curve 1)

2 Lo i
Mn Cox(W/L)N
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V. = + V. + IR
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ECE5SB9 Analog IC

Eliminate the operating point of lout=0

Constraints:
(1) VTHl +VTH5+

(2) Vgs1+Viyst

Self—bias circuit with start—up Ch 8

VTH 3
VGSB

<V
P 3 Not a good start—-up ckt

Razavi



ECE569 Analog IC Supply voltage dependence ¢hs

Supply—insensitive biasing :

cannot use VDD as reference

Use one of the following three as reference instead
(1) BJT VBE

(2) MOS threshold voltage

(3) Thermal voltage VT

=>» self bias circuit

Band gap reference : PVT insensitive voltage source(~1.2V)
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ECE569 Analog IC 8.2.5 CMOS band gap reference Ch 8

VDD
Vo = Vee + K-V
Nout _ NgEe n K-Vq
]DC () é’T é’T T

K = fesmv/°c)/(0.0samv/°c) = 199

Ve = 0 TC

\|
e
717 Adder v .
V. KV.
v, ! b !
el PTAT

Fig 8.2.9 Band gap reference voltage source

=Vppt K Vrp
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ECE569 Analog 10 1€MP. dependence of BJT base—emitter voltage :hs

_ Ipc =>Assumed DC collector current
Vee(T) = Vr - In{|s('|')} (constant and PVT independent)
? 7Z'k * %k 3 _EG
| _ OAeDan n? = 4. i T3.e KT
— o=
° N 5 W h?
N3 - Ec(T)  Eg(300)
n2(T) = (1.45x10%)% . (300) e KT . g 300k
T 4+m  Eg(T) N E; (300)
_ KT 300 k
1.(T) = 1.(300):| — e @

300

M =-1.5 due to Temperature dependence of mobility (un) 12



ECE569 Analog 10 1€MP. dependence of BJT base—emitter voltage :hs

I I
Vee(T) = V- |n{| [Z_?)} = VI T 4+$C CEM | E;(300 >
S | (30()( j e KT .o 300k
300 J
e o) ey, ) By B0
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AT 300 { o (300) q (4+m)-Vigy - n300 tilr+ q AT

Nge (T)
—

T=300"K

= LO(0.75—1.12—0.0625—0.051) =-1.61mV/°C
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ECE569 Analog 10 1€MP. dependence of BJT base—emitter voltage :hs

N (T 1 E. (300 T 300 &E.(T
% - —0 {VBE(SOO) - M_ (4+m)'VT300'{In%+1}+ q | 0(# ) }
dVpE Ve — (4+m)Vy — E,/q Razavi
a T W T Constant IC assumed
Vae §
Yoo ~ 1.2 — GREATLY exaggerated

curvature

Ideal (shown for
reference)

| -
600K, typ. T (kelvins)

Vge versus temperature
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ECE569 Analog 10 1€MP. dependence of BJT base—emitter voltage :hs

VBE A

VGO ~ 1.2 —

GREATLY exaggerated
curvature

Ideal (shown for
reference)

i -
600K, typ. T (kelvins)

Vge versus temperature

BVBE

Ve — (4 +m)Vr — Eg/q

—

oT

VOUt‘

T

Vout =VBE+K T

dVout/dT=d VBE /dT +K
Changes from negative to 0 and to positive

Curvature in temperature characteristics
Of Vout (=VBE+KT)

15

Razavi



ECE569 Analog IC PTAT voltage source Ch 8

PTAT voltage (PTAT : proportional to absolute temperature)

Voo
nloq) (*) Iy AVgeg = Vg1 — VBE2
$—o AVggo—se = Vr lnn_s? ~ Y 1111—;)2
Q4 Q,
‘K_L F = Vrlnn. PTAT voltage
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ECE569 Analog IC CMOS band gap reference

Ch 8

Bandgap reference : Vref = VBE + K VT
0Vee /0T ~ —1.5mV/°K

9Vy /T ~ +0.087 mV/°K.

Veer = Vpr + 172VT

~ 1.25 V. Close to bandgap of silicon

Razavi
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ECE569 Analog IC CMOS band gap reference Ch 8

VREF = VBE + VT Inn

oVrer  0Vpe  Vr
— 1 ll’ln
oT oT i

0VBE Ve — (@4 +m)Vr — Eg/q

—
—

oT T

Vee — (4+m)Vy — E %
= (JH;‘) 4 g/q:—%lnn For 0 TC

Veer = Ee (4 +m)Vy Close to bandgap
q




ECE569 Analog IC CMQOS band gap reference Ch 8

Conceptual band gap reference :
enforce Vo1 and Vo2 to be the same

Voo

; Veer = RI 4+ Vggs

RI = VBE] — VBE2 = VT Inn.

Voo =R T+ Ve,
=V, -Inn +V,

In (n) = 17.2 = n=2.95e7 (too large, impractical)

, 19
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ECE569 Analog IC CMQOS band gap reference Ch 8

Basic band gap reference ckt

— —9
—l: A —I: nA
01 02 )
— — VX and VY: kept the same

by a negative feedback OP amp ckt
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ECE569 Analog IC CMQOS band gap reference Ch 8

Basic band gap reference ckt

y 3 Vrinn
Ri= R,= Vour = Vg ! (R3 + Ry)
Yeoe—]- R3
)('4 +f‘1 + erjg
Vout = Vpe2 + (VrInn) (1 + —')
H3 -y R3
1
-9 -
—l: A nA
()1 ()2

R1=R2 =» the same current at Q1, Q2 |n n-(l+&) — 172
R2 > R3 to decrease 1 R,

Example: R1=R2, R2/R3=4, n=31

Razavi
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ECE5SB9 Analog IC

CMOS band gap reference Ch 8

Basic band gap reference ckt

Icy = Ico = (Vrinn)/R;3

A% oV I 1 ol 1 a1
BE _Tln_c_|_vT(__€_____S)

oT oT I Ic 0T  Ig 0T

BVBE BVTI IC Vr Vr 815

= n _——

oT oT I T Is 0T

0Vee Ve — (B +m)Vr — E,/q

= PTAT IC
T

0VE

Ver — (4 Vo — E
BE ( +;1) r g/q Constant IC
22
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£GE569 Anclog IG Classic Brokaw bandgap reference circuit

Ch 8

Start-u
networ

Let m=8 and VBE=0.65V at |C=100uA, 300K

DELTA VBE = VT x In(8) = 53.8mV >> offset

R2 = 53.8mV / 100uA = 538 ohm

R1 =(1.2-0.65-0.0538) / 200uA = 0.496V / 200uA = 2.48Kohm
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ECE569 Analog IC CMQOS band gap reference Ch 8

Effect of Vos (input offset voltage)

i Vaer —Vos # Ve, + 1, - Ry
fME R=
vyl lco = Veer = Veer, —Vos) IR
b T > ~(V; -Inn V) /R
RsZ 'O Fy
3 ? Vouw = Vg2 + (R3 + Ryl
P [~ -
% —V —V
—I: A _l: nA Vour = VaE2 + (R3 + Ry)—— ;EZ =
01 02 ?

R
= Vpg2 + (1 R R_z) (Vrinn — Vpg),

3

Vos amplified, Vos varies with temperature o4
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ECE569 Analog IC CMQOS band gap reference Ch 8

Effect of Vos (input offset voltage), R1=R2

Vaer —Vos ® Ve, + 1y - Ry
Ri= R,
v Icz — (VBEl _VBEZ _Vos)/ R3
Xe¢ jo_ } =(Vr-Inn—-V) /Ry
RsE 'O Fy
3 ! Vour = Vee2 +(R3 + Ry)lcs
P (-t -
1% —V —V
I: A _l: nA Vour = Vigz + (Ry + Ry)—— ;Ez =
01 02 3

R
= VpEe2 + (1 RS R_z) (Vrlnn — Vpg),

3

Vos amplified, Vos varies with temperature 25
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ECES69 Analog I Bandgap reference to improve Vos effect Ch 8

-

R,=R=

Xe¢

’1 ' Il ~ m12
Q, —I:A Q, —I:!,-,A Ver + Vea — Vos = Vpes + Vpea + R3 1

M Lo Vour = VBE3 + VBea + (R3 + Ry) 1o
2Vy In(mn) — Vo
01-|-_|< A a3_|-—t nA Vour = Vies + Vpes + (R3 + Ra) R,
=N AL R

= 2Vpe + (1 + R_z) [2Vr In(mn) — Vps].
3

Razay] Vos effect decreased by half




ECES69 Analog I Bandgap reference to improve Vos effect Ch 8

.
R=R= =R,=mR
Y ¢
Xe +O_
Fn’3$ Vos Vgut

B | I J,;'

QA QU nA v, = Vs + Viess + (R + Ry 2210 = Vos
>
. ] R2
= 2Vpr + (1 + R_) [2Vr In(mn) — Vps].

oA o na 3
Vout ~= 2.5V
e Difficult to generate 2.5V output using low-

VDD OP amp = No good at low VDD

Razavi
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ECE5SB9 Analog IC

Bandgap reference to improve Vos effect Ch 8

M

ha |

My | Mag oy,

AL

Y

R,

VDD

H——E—F v,

W/L(M1)=W/L(M3)=m=*W/L(M2)=
m*W/L(M4)

Negative feedback

Derive Vout eq. including Vos

Vout ~= 2.5V
OP amp does not generate
Vout(2.5V) = OK at low VDD

Q nA

28
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ECE5SB9 Analog IC

Bandgap reference

PTAT current

Voo
A——tE—F
PTAT
YCurrent
[ & —9
=R,
Q Q,

Ch 8

Voo

I w5

PTAT
M 1%—-“: M, YCurrent

Q, Q,

Y
R,

I:nA

Implementation using simple amp

Razavi



ECES69 Analog IC Bandgap voltage reference using simple amp Ch 8

(:’1 ‘:’:! ‘:’:;
A nA Rg
VRer = VBE3 + R—VT Inn
I

30
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ECE569 Analog IC CMOS band gap reference circuit Ch 8

Voo
M3 1| pe M HEM—— =
M8 | =M p=MIO 4~
y
]1 ¢[2 ¢]3 ¢[OLH.Z /
(sourcing I source) oy
M6 _ ]| | S M7 + sinking I source)
i o
M1 _ ]| [ M2
=R,
+
=R = P L
x Vs
— v, Voo
T S S
1 _ >ﬂ —
« L &3 IV .V source

out
O

Fig 8.2.10 CMOS band gap reference circuit
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ECE569 Analog IC CMOS band gap reference circuit Ch 8

VDD
M3 1 | == M4 H= M5 I
M8 | M9 HEMIO g
N%
]1 J’]2 \I/[S v jouz‘.2 7
(sourcing I source) oyt
M6 _ ]| L. M7 >_{ (sinking I source)
M1 11} o M2 —
= R2
+
=R = xR %;
V
—" 1 a2 a2y 7 g
Q1 &2 B | - f% —

17 . V source

VSS >out
Vr -1
Il — |2 |3 = |2 I3 = 1, =1 = 1 Rn(n)
VO — |3 y XR + VEB3 — VT - X - In(n) + VEB3
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ECE569 Analog IC Transients on reference voltage Ch 8

P Mg | Mg
|
:II H: k L ": Very Large Cg
AN Ve K
A ¢ B
; \/- Cp1<Cp2<Cps

Ri= . _
t t

‘ I:J J:‘I: Transients in ckts =» transients in

L reference =» broadcast in circulits

Due to finite Rout of reference

33
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ECE569 Analog IC Transients on reference voltage Ch 8

Calculation of Rout

Voo ' Voo
p Ms | Mg M, b M, Iy
e K«“: |nd I i -
+
&_.N ROUt _éVx
9mp Vx A A Imp Vy
Aq B \/- A(s)
"?1%

34
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ECE569 Analog IC Transients on reference voltage Ch 8

Calculation of Rout

- Vo 1 1
M M Vap = —8mPVx—— + gmpVx | — + Ry
b P 2 I x gmN gmN
:H ! H: - = gmpVxR].
+
3Rout Vx vV
i = x +8mpPVxR1A(s)
EJIT'F'|/3( 4‘ ‘k E?IT‘F"/B( - 'IJ( B in;?cnxf
A ¢ ¢ B Ix 1+ gmpR1A(s)
1 1 Rout
q —+R =
e _‘[ Im tor A
g = " 1 +s/wo
fsfeons
Rour w(

I+ gmpR1A0 | 4 _
(1 +gmpR1Ap)wo
35
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ECE5SB9 Analog IC

Transients on reference voltage Ch 8

Calculation of Rout =

Voo [+ >
M1 M2 ’X . Rour WO
= - 1+8mPR1A01+(1+ SR i
it p X1 AQ)wo
Rout évx sl
A(s)

. : -
®g (1+ 9mpR{Ap) 09 ®

|Zout| large at high frequency =» easier coupling



ECE569 Analog IC Bandgap reference: Effect of noise Ch 8

v,
m ", DD
:Il P [
I 1
ImpVp A A ImpVp vP.= = VH,OHI/(R] T Emn
Ay
A +ﬁ— B vV
Nl n,out
1, s 1 +nR
gmN TM+ 1
Vn,our 1 Vn,ouf
— . — 1 — Vn,op + Vn,our
Ry + g,n 8mN ngAo(Rl + &mn) gmpAo > gmn > Ry

|Vn,aut| ~ Vn,np

1 ( 1 1 )
Vr.ou ~— —-1|=V,
ot R+ g,y \&uN  &mPAo ¥

Input noise of amp =@ directly reference out

Razavi



ECE569 Analog IC Bandgap reference: Case studies Ch 8

2 VBE used to reduce MOSFET mismatches

Voo

Mg VOUT =2x EGO/q ~= 2.5V

Errors in MOS diode connections

=2 M2,M3 instead of M1,M4
Must be MOS diodes
M, E" ]' "—: M,

38
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ECE5SB9 Analog IC

Bandgap reference: Case studies Ch 8

Channel length modulation of MOSFET =» supply dependence

1+
Vbie—H |
Voze—H | -
| e | P
=R,
Q, Q.
M M

Voo

39
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ECE569 Analog IC Bandgap reference: Case studies Ch 8

Voo Floating reference

i My,

R R
" a, o, 1 Vour = —Vgga 4+ 2= Vy Inn
Rg R

40
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ECE569 Analog IC Bandgap reference: Case studies Ch 8

Core: floating bandgap reference

-----------------------------

Vi, - Voo

R r2

Figure 11.33 Regulation of the supply voltage of the core

and op amp to improve supply rejection.
41
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ECE569 Analog IC Bandgap reference: Case studies Ch 8

1= S P i

Start —up Circuit

Razavi



ECEHB9 Analog IC Ch 8

I

O

' Ry +Ry

° Vout=Vo

1y

=

v

PVT sensitivity of OP amp input offset voltage (Vos) = causes problem

Fig 8.2.11 Arbitrary voltage generator from a bandgap source
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ECE5SB9 Analog IC

Excercise Ch 8

What is the range of |1 x R2

in terms of VDSAT and VTH (PMOS),
so that PMOSFETs are in saturation
Region.

44



