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Chapter 10 CMOS Bandgap References

810-1 Basic Principles of Bandgap References (BGR)

Veeon) = MVipemIn(ly/15)
=gAn,°D,/Q, | :Reverse saturation current of a BJT
=Bn,’D A:Areacf aBJT
=Bn’Tm Qg :Base minority carrier charges
where B and B are D : Average diffusivity of carriers

constants, indep. of T.
m=CT"" C.Congtant, indep. of T.

n:Temp. exponent.

n? = ET®exp(- Vao Vi) E : Constant, indep. of T.
Vo : Energy gap.
p VBE(on) therm In[l T9F exp(VGO therm)]

F :Congtant , indep. of T.
g=4-n
|, =GT* where I, isthecollector current and
G isatemp.-indep. constant.

P Veeon) = Voo - Vieml (@ - @)INT - In(FG)]

Ingeneral, the output voltage V,,, isasumof Vg, and KV, witha
weighting factor K suchthat V,, isnearly indep. of T.

Veeon T KViem =Vou = Voo = MVipem(@- @) INT + MV, [K +IN(FG)] ........(1)
dv,, mv,
o] :O thermo K +|n FG thermo InT TV thermo a
i TO [k +In(FG)]- 1 = a) 70 )+ Voo
_ eed To
P K+In(FG)=(g-a)InT, +(g-a)- —VGO x—....(2)
7] thhermo

Substituting (2) into (1) , we have
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Vo =Veo + MV, aT

herm

7.02° 10°% XT2

V. =1.16-
o T +1108

d |, 14047 10T, (T, +1108) - 7.02" 107 5T,2
dT % (T, +1108)°

_ 1404710, A 7.02" 10" ST
T, +1108 (T, +1108)*

7.02° 107 <T 2
T+1108
14.04" 10°* X7 T N 7.02° 10* XT2XT
T, +1108 (T, +1108)°

b VOUt = thherm(g - a)(1+ |n-|:r_0) +1.16 -

If g=32m=21a=1T, =25°C

21.06" 10"*(298)? L 102 10*(298)?

bV, (T .. =116+2.2(0.0259) -
ot (Ml o ( ) 298 +1108 (298+1108)?

=1.093v

810-2 Bipolar Bandgap Reference
Widlar bandgap reference
*Feedback element Q, isusedtoforce Q, on.

*Q, also servesas astart-up circuit.
*Vout = |2R2 +VBE3

+Vce

|2:|3 if |52:|33
Ve, - V S ] N
I :M:imvthamgn(—l)+ln(ﬁ)g
R, R, g |, ls; 0
R R é ﬁ o a IR
Vou = Vees +}—2mé|n§_2i+|n i?ywtham
tR & &R g ls&%}g

|1/|2:R2/R1|f VBEl :VBE3
Adust R,/R, , R/R and I, /lg togiveasuitable K

AndKeep | @i, toobtain |, @4, and %z:—“” toobtain Vgz, =V, -

SL 1
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\%
Cut-in State @
The operating point @isthe V2
desired operating point
=>Need a start-up circuit.
810-3 CMOS Real Bandgap Reference (BGR)
810-3.1 CMOSBGR viaBJTsand Resstors
Verson 1: Verson 2:
N-well CMOS, positive Vrer N-well CMOS, Negative Vrer
‘o)
|1 ¢|2 -
Ri Ro
S
CMOS
OP AMP,
— vl
Rs
+
\ am®
Ql 1 QZ
-Vss

Q1,Q2:Substrage-well-source/drain parasitic vertical BJTs

I E
VBE = thherm |n|—
S

I 2) Vol )

_ R,
VREF - +{VBE1 + gvtherm(l n Ri

sl
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Typical design values: CHUNG-YU WU
[1=80u A [2=8u A

R2>» 0.6v =75KQ, RI:&:?SKQ &—M—YSKQ
& A 10 q A
Large resistance=>»use well resistors
R1,R2,R3: n+/p+ diffusion resistors
nt+ - poly resistors
well resistors

Both transistors are in the active region

Error anaysis:
1. Error dueto base resistances

VBEl _Vtherml ||1 +Vtherm| L1"' ;f)ll
S 1+— [31
B
I Bl |2 I1
DV =V INA+V, IN-2+V,__In +rb(B—- )
l, 1+i 2 AB,

If &1, &2 are not large enough or ry istoo large,

= DV duetorpand (3 islarge.
1

R R Ry 0 vins i Bl) Rz
R TR R T T IR, A,

2

Veee = H Ve +Vos(

2.Error due to input offset voltage Vos
Vos=10mV, V(1+ %) » 10V =100mV

TC error dueto

(RRLS VA
Voot dy - R 7 10100V _opmrec
S Ve dT ™ Ve T, 1.26V7 300°K

3.Error due to Bias current variation

| VigmINA
— :VThrem In th;rml (R3:R1)

Veer = VinamIN i
st s
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— In thermlnA+ Rl(TO) | =] CHUNG-YU WU

- Vtherm therm 11 1 2
R(To)ls R.(T)

InA
If F\’j isindep. of T b V,. =V | therm
BE therm Ri(T )|

If RdependsonT P Vg =Vthe,mln‘hLlnA+ the,mlnRi(TO)
R(To)l g R (T)

0 21 d°R 0
Vie :VBE|ideaJ- thermxéRdT _(T' )' therm 2RdT2 :(T'To)2
oA R TR X
PTAT 2 PTAT PTAT®  PTAT
21 dr| O
+Vtherm§2R2 dT ; -I-K) """
PTAT® PTAT

If Risonly linearly dependent on T, we still have PTAT 2
The PTAT ? term can be cancelled via curvature compensations.

4.TC Error due to Base Resistance
I
DVg =1, —2
BE b b2
g&ldy, 1d, 1 db,0

TCerror= 1+_
( )Vrefb ng dT b, dTa

Example: r, =2KW, TCof r, =1000ppm/°C, 1, =30m\, b =150,

TCof b=7000ppm/°C
P TC=-86ppm/°C

5.Error due to base current
Base current cancellation technique
*To compensate for the different between the collector, emitter, or base current
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Verson 1: Verson2:

Ref:1.|EEE J .Solid-State Circuits, vol .SC-18, pp634-640, DEC. 1983
2. |EEE J.Solid-State Circuits, vol .SC-19, pp1014-1021, DEC. 1984
The circuit to obtain Ve from aBGR

+VDD
e
- R3
Vere=Vear(1+R4/R5)
R1 R2

Refarance Ampifiar

1 ) PR
aNa et il T
- \..__g i
amt L. ____1 -ﬁi R2
g _
Ej‘f “ o "°
14 r_ J
A 3
3 S e A +
oy o

VO=Vg1*+VrotVaes *Better matching

KT
= Ve Vri= Veer-Vee= ? In(ag)

KT
Vo=VBE3+ ?[In(ag)] (1+R/R) =>Bandgap Reference
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]\l Voo
a3 ! T
Fi iy FA/
01 B L
A A
“EHJ A2
. _Di/{ ANAN o
:a_.‘.ﬂE
05\] a E = _
o |
Al e —2
h ) i V
REFERENCE
AMFLIFIER
: 3N 3N N N
BIAS r—‘ '#ﬂ‘ ] I M1
q'"|l_‘_Mj4i|__M3 I M2 |
=\5g
Voo L ‘
e
o]
Q2
,‘/I START-UP
aE E ' COMPARATOR
R1
+ =
Cl
i —
'REFERENCE I .
R2 "< R3 AMPLIFIER | 2 Voe REF,
; Vo

!

“Vss'
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Voo : 3
I\ M110 I
QN1 \|
QN2 ./‘i
a E a E *
- START-UP
' COMPARATOR
A1 :
i 4
: Al cl
7 | T
REFERENCE 2 Ve REF,
§ a5 gﬁz AMPLIFIER
=55

CROSS COUPLED
HePUTS L LORDS
M, M
-Vss

HEFEREHCE AMPLIE

IER &l

Lo ¥
COMPARATOR 1

2 ¥es AEFEREMCE
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5.Low Power Supply Circuit:
Voo e =
IVIlOl , } { b
| Mg
@ e
L
Looip P\k E Al >
i +
: A1 HEFERENCE AMPLIFIER
i AAAY:
R2
2 Vbe REF — -
’ START-UP
o 4 ""USS CDMPARQTDH k.
: -Vss
*Low driving capability
Power supply limits:
Low Possible \oltage T=25°C
Bandgap reference PMOS Inputs NMOS Inputs
Topology
V. £1.0V Vi £ 1.0V
1 1.5v 2.2v
2 1.95v 2.95v
3 1.90v -
5 2.5v 15v

8§ 10-3.3 CMOSBGR vialateral Transstor
Ref:1EEE J .Solid-State Circuits, vol. SC-20, pp.1151-1157, DEC. 1985
Structure of alateral BJT in CMOS:
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\oltage reference via LBJT:
Conceptua circuit

O i
Vraf A
1 lIz
A:Current comparator
G—I il ﬁ-{ Q2 V CC:\oltage-controlled current source
QL === * M G:A negative voltage is applied to cause
| vCC |
O l' w accumulation.

Advantages.(1) The offset of the amplifier A has a negligible effect on Vre
(2)Simple structure.
Purpose of VCC : To provide a current path for Iri>>1s1,182
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T \
X T3 fﬁlﬂ{rn
-Vss

* High supply voltage. * Low supply voltage
* Two source follwerst+one emitter follower * Low current gainin A
in(A) current amp.=>higher current gain * R2 istrimmable

R4,R3,T3:VCC

R3: To keep T3 from quasi-saturation

R4:To sense the output voltage and transform it into the collector current of T3.
* All resistor are polyresistors
* Low output impedance.

M easured results;

Veee mMean:1.2285V standard deviation :150i V

Minimal supply voltage 2.2V
Supply current 791 A
i 316nV oy - seonv /(L
Noise spectra /«/E(Whlte) ; / «/E(f J1KHZ)
PSRR(100Hz) 60dB

Load regulation (Avout/lout)  3.6i V/i A
Chip area 0.42 mnt
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High PSRR BGR: CHUNG-YU WU
* Ry,R,may be p-well resistors and PSRR still high.
Experimental results:

. +VDD

Vrer 1.2281V (mean) 1 '

3501 V (6) [ My - P“ﬂ[ﬂ”z I-(E“!
Minimal Supply 1.7V Veef| R -
Supply Current 20i A . g T ':‘FE,E
Noise Spectra 500’“7@ (white) ; .

W/«/H_z(%’lKHZ) 0 51% B:1 1L 1H”a
PSRR(100Hz2) 77dB l - \‘/ ;
Load Regulation 4.1mvii A

(Avout/ I out)

Chip area 0.18 m?
Curvature-Compensated BGR:

Ref: |EEE J. Solid-State Circuits, vol. sc-20, pp.1283-1285, Dec. 1985

810-4 High-Precision Curvature-Compensated CMOS Bandgap
Voltage References (BVR)
Ref: Int. J. of Analog ICs and Signa Processing, Kluwer, pp. 207-215, 1992
1. TypeA structure
The circuit stricture of the proposed BVR (Type A)




KT
q

Vou =Vees T 13R, =V, +r3%(_|nA* +DVg)

2. TypeA structure

3. TypeB dructure

YDD
. =
L
r Rs
Q Q
: Vout 2
= R
O— 1
—
Mi —— I——lb—‘ —— My \—{ - Mg
Cgt
MJ - F-—'—L{ - My ’—{ Mg
I.Y Ly Y Is 1 cnp
5 =0
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4. Type C structure
The cascode structure of BVR (Type C):
v . NDD
L J :
Ry ==
QI QI ﬁ——KQJ‘
] yuul
R1 %
N[]. it _.__Ml:l p——
L I =My Mi3 1 Mg
Cot |
L g[Sl 1My Mg
Ms || |+M(,f|+ ’_1..;
(s == J
| TiEs e
[ F |ow
Thevariationof Vs versus temperature
AVsg
0.006
0.004 4
0.002
0.000 ~
-0.002
-0.004
-0.005 . . . T .
-100 0 100 200

Temperature (oC)



10-15
_ CHUNG-YU WU
The simulated output voltages versus temperature in Type A and Type A BVR

Vout (V)

1.188
=X /

T

]

1.194 5

1.192 4

1,180
=100

L]

100 | 200 |
Temperature (oC)

Thevariationof  Vsgversus MOS channd length in Type A BVR

AVsg
003

.1
0.02 +
0.01 =

.—‘--‘-'ﬂ-_'_-—-—--a______m___._-—_m

0.00 v T T T T T : ' : i v

0 20 40 G0 8o

L (um)
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The Spice simulated output voltages versus temperaturein Type C BVR
Vout (V)
1.198
Vdd=5VY
Vdd=10V
Vdd=15V
1.197 A
1.196
1.195 v ' T —
-100 100 200

4]
Temperature (oC)

The measured output voltages versus temperature in the fabricared cascaded-structure
BVR(Type C)[ 3.51 m CMOS technology , R;=1K Uexternal),R,=25.9K Uexternal )]

Vout (V)
1.197

Vdd=5V
Vdd=10V
Vdd=15V

1.196

1.195 & T . T T
-100 0 100 200
Temperature | oC)
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*  Average temperature drift

5.5 ppm/°C -60°C ~ +150°C
5v~15v
* At 25°C, average voltage drift 251 V/V
\Vout=1.1963V ~ 1.1965V
5v ~ 15v

* 2mil?>,0.8mW a 5V

810-5 CM OS Bandgap Reference with Sub-1-V Operation
Ref.: IEEE JSSC, vol.34, pp.670~674, May 1999

Concept: * Convertional BGR V,, =1.25V
Can'’ t be operated below 1V supply.
* The built-in voltage V, of thediode ® thecurrent |,

Thethermal voltage V, ® thecurrent |,,

herm

(IZa + I2b)R® Vref <1V

1.Schematic of the proposed BGR

U3

Vrel

Native NMOS V,,, =-0.2V
NMOS V., =+0.7V
PMOS V,,,p = - 1.0V
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*The diode is realized by the parasitic P*/n- well /P - substract BJT as

{

*C, and C, are used to stabilized the circuit.
*The control signal PONRST is used to initialize the BGR circuit when the power

isturned on.
*R =R
Va :Vb

L=1,=1 and 1, =1, , Iy =1y

dV, =V,, - V,, =V, IN(N) , N =100

L=y
2a: U therm

Rs

Vi
I, =—pnpVv
2b Rzu f
I3 =1, =1, +1y

R R

V., =R,I,=—2V.. +—2dV
ref 413 R, f1 R, f

2. Smulated V,, characteristics

1.4
1.2 & PpMOS Vth -0.3V v /-{- --------
+

10 | "MOSVth 0.av - e
< 08 BGR
D
S 0.6

4 Proposed

~| BGR
0.2 2R
1

" 1.5 2.0
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*V,¢ =125V  conventiona BGR
*V,4 =0.84V  proposed BGR
3.Minimum Vg,
min V1 @\/S @‘/b - VTH| @‘/f +NTHI| @/DD +VTHP = mirlVDD ) [VTHP|
P minVp, =V, +Vpy |+ Vyye| @.8~1.0V
054 -0.2 -0.3
4.Measured results:
0.6
0.5k Vop: 2.2~ 4V
515X 1mV
< 0.4
5 0.3 .
= T: 27,85,125°C
02 I |=®™ 125°C| [[515+3mv
0.1 I
0' i 1
0 1 2 3 4
Voo (V)

*TC @0ppm/°C  27° ~125°C
\oltage drift (average) @600nV /V ~ 2.2V~4V



