9. Voltage references

A voltage and current reference are used for the
reference of bias circuit, DAC and ADC.
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9.1 Simple reference circuits



R-MOSFET voltage reference

VDD
1
Ly = (DD =V, =Ap,) R, S l »
ref
_ L(VDD v - 2[ref ) Vi, + AOV(ﬂVGS = V1o + Aoy
Rref IBn L/W
VSS

1
~—VDD-V, ) ifl,is small enough.
ref

* Bad stability against the temperature variation, because the temperature
coefficient of ., depends on the temperature coefficient of R .. and V,+Aqy-
* No stability against VDD, because I s and V¢ depend on VDD.



MOSFET Driver

e

M2

M1

—
¢ t Vief
4|

VSS

- = l Viet

VDD -V, + ’Bl
I/ref: ﬂz
P
1+ [—-
P,

* No stability against VDD, because V.. depends on VDD.
* The temperature coefficient of V,,, V1, can be canceled
by a temperature coefficient of 3,/3,.



Threshold-Voltage Multiplier

This circuit has a NFB loop in which the decrease of I,
causes the increase of V.

VDD R
Vesi = 1 Vref
Ref R + R,
 ( Vref R
V. . = (—=+1
§ R, ref GS1 ( Rl )
v 1 If L. 1s small enough,
1 R
§ " I/ref ;VTn.(?z_I_l)
° VSS 1

V..r does not depends on VDD.

r



9.2 Beta-Multiplier Reference
(BMR)



Principle of BMR circuit

Cross-reference
VDD

VGssl M4

M3 |3 4\_{ Vbiasp [DS4 — [DS3

i Ips =1 ps, E]ref
— Vbiasn Visi =Vasa +1,4R

it J—— :q
l \_,‘E/' 1.e.
Vesil 1 < M2 = K-M1(K-parallel Bo=p =1, R=0s =Vs,)
Irer R connection)
VSS B, =Kp — ]refR e O(VGSl =Visa + ]refR)

yoi (BMR: Beta-Multiplier Reference)
Ipg) = 71 Vos1 =V )2 P

p p
IDsz - TZ(VGsz - VTn)2 = KEI(VGsz - VTn)2

Lo =1psy =1, I..¢1s independent on VDD.
1 12 I e The temperature coefficient of
Ly = E(VGSI —Ves2) = R B (1- ﬁ) | depfends on the temperature i
coefficients of R and f3;.



Start-up circuit (1)

BMR has two operating state because of a positive feedback.
— The initial state should be determined by the start-up circuit.

VDD
M4
OFF M3 ] [
VSS > ¢ <« VDD
M1 :H l ”: _
M2 = A .
«-mq OFF Lef—. 0" 1s a solution of the
circuit equation too.
% R
VSS



Start-up circuit (2)

The drain potential of M1-M4 is equalized by MS3.

______Sit_a_r:t___u_p___i 1 DS MS1 — 1 DS MS2 — 1 ref (Normal operation)
’ +— VDD 2 I,
i M |:| J VGS_MSZ = g +VTp
! 3 d , MS?2
M ! 30/2 F 1L M4 Vblasp
S2 : ON
6/100 I //' | Mg 3072 MS3 should be turned off in the normal
YA 1101 | vbD operation.
~VDD : "
N i W KMy Vap uss = VDD =V s, =VSS
N i _ a7
10/2p% ¥ - = (VDD -VSS)~|V,, | - | =L <V,
i L % R 10k s2
VSS NOTE: The gate length L of MS2 is
booomomomooe often very long, 1f [, 1s small value.
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Design example of cascode BMR

L J VBb  For I, = 20u4,
M3 _|F 4|_ M Vblasp 21 2 20
60/2 60/42 AOV= ﬁref = \/98. 1uo — OZOV
M M U -
5/;20 :IF_ 60;22 :”: 4[ M, Vpcasoode 1
| 60/2 y) 1
Mss Miz b4 I R = T 1 — \/__
10/1 20/2 :|| ] Mzz Vncascode ref 1 K
y 20/2 B 5 1 1 o
2072 :” M jl IE K.szbiasn — ZOu . 98u . 10 ( T E) - .
20/12 4x20/2 )
% R 5.0k IBMSZ < ref
: VSS (VDD — VSS — |Vpp| — Vipn)?
2-20u _ 346
~ (5.0 — 1.6)2 “
W 3.46u
ki = 0.105

LMSZ 33u 10



Voltage regulation

Short channel MOSFET vs.

Long channel MOSFET

ref

Short L

VTS VTL

> VDD

I..c depends on the drain voltage,
because the saturation of I¢-V g

characteristics of the short channel
MOSFET is not distinguished clearly.

Long L

biasp

—>

VDD
M3 :”: 4[ Vbiap
ood symmet
: /bgd i t ’
v.. i - ad symmetry
M1 :“ /: IE Vout
" K-M2
AVGSZ\
Irefl§ R
VSS
A ( out blasn) 2 >Vvout _ I/biasn

Negative feedback control
to maintain V,,., = V.

out
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Low-voltage BMR with the

voltage regulation
BMR circuit for the short channel MOSFET

VDD

MA3 |p—+—[ MA4
Vi'—[ MA1 MA2 J}—Vi~

VSS
\\\ — VDD

1
30/;]:}# B - 41[1 M4T1CO“6/100 n-MOSFET
Mas _|p—1—d[ Mas 30/2
10/%82]F_H[1h8i31 30/2 30/2
Vout

e, T S g AT M Ko,
10/2 M 10/2 10/2 4%10/2
1072 2R 6.5k

VSS 12



Sub-threshold BMR for low-
pOWEr circuits

Very low power consumption BMR

VDD
kT, 1. L
Mo il Vosi =m=—In(—*-2)+V7,
I, W
| IS kT 1. L
" e Vs, =m—In( L )+ V7,
q I, K-W
L} 2 R 1
% VSS ]ref = E Vosi —Vas2)
The circuit topology 1s same as the normal BMR.
_m kT In K
Ips-V g5 characteristic in the sub-threshold region. R q n
w q9(Ves —V7) C .
Ipg = fl 0 €XP{ ;jkT =), om=1+ C; NOTE: The very large resistance

R is required.
13



9.3 Band-gap reference (BGR)

It is not easy to cancel the temperature dependence of R*f in
BMR shown 1n slide 7, because R and MOSFET are fabricated
in the different stages of the CMOS process. The temperature
coefficient of the reference voltage can be compensated with a
pair of pn junctions.
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Temperature dependence of pn
junction diode

The temperature coefficient 1s canceled with pn diode.

DC characteristic of pn junction ----
NOTE: Only a diffusion current is modeled in this equation. Therefore,
the appropriate bias voltage have to be applied to the pn junction.

' 9V
=1 . (e kT _ =1 (€ kT Is:Reverse saturation current
k: Boltzmann constant (8.62E-5 eV/K)

| - k_T In( i ) T: Absolute temperature (K)
P q [ q:electron charge (1.60E-19 coulomb)
P E:Band-gap energy of Si (1.1eV)
T = AT 3e—ﬁ A: Cpnstant dependi.ng on the effective |
S density of state and impurity concentrations
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CTAT (Complementary to
absolute temperature)

Eo/q =
kT i G = T I I
VD — 11’1( ) \‘\
q [ A —
EG
= kT In( ! et _
q AT
1 7 Vp(V) _
=—((kT'In——kTln A+ E})
q r _
dV k
£ ~——InAd CTAT at room temperature | | |

dT q 0 100 200 300 400

V has a negative temperature coefficient at room temperature.

AV has a positive temperature coefficient at room temperature.
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Structure of the pn junction diode

F o
pt~ FOX n pt FOX
e = Y
p-sub ¢
Vertical CMOS well bipolar © ©
junction transistor Equivalent schematic

The current I should be limited less than 0.1mA to reduce

the voltage drop 1n the base resistance of pnp transistor.
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Layout sample of the pn junction diode
Emitter

N X X N X X n-well

X — Pt
7 X

S B

X X n+
X X XX X
5
5

D DX DX DX DD DX D DX DD

Base-Collector

Check the production tolerance of pn junction.
The standard deviation of the I-V characteristics of pn junction is rather
smaller than V. of MOSFET, but it may not be controlled by the foundry. s



PTAT (Proportional to absolute

temperature)
* * VDD
M; _]p- 9 M M3, M4: Current mirror.
! X } Vis1 = Vs, (because the Ig, = Ig,)

M ] J L™

Vo =Vy, + AV,

/N
N4

ref

Same

I
potential § )AVD (1, =

1

Elm
Vb1 (SZ D, Vm( Y K-D,(K-parallel) { V= kT In ef)

q

kT

. +— VSS s

\Vp, = ln( ef )
q

S

(Start-up circuit 1s required.)

AV, has a positive temperature <:| AV, ——(ln []_f 1n [Igf ) = kT |
coefficient 9 s s 4 19



BGR voltage reference

VDD The current I, 1s proportional to
absolute temperature (PTAT).

|VI4 M5
My b | 4E 4L [
? } I, = £=—InK (1)
w ] C w, Vo R gk
Lot < ? lIref llref VBG - VD3 + R2 . [ref
Samg
potential § R ) AVp § R, ) v/ _ VD3 n &AVD
(SZ D; Vo (SZ K-D, Y Ds ) Vbs &
| ! | - Negative Positive

temperature temperature

coefficient coefficient
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Cancelation of temperature

coefficient
R
Ve =Vps —I—FzAVD
1
_ kT In ]ref n L n R, kT InK Note: The equation (1)
g AT : g R g 1s satisfied at the given
. temperature . You need
= KT (R2 InK —In AT )+ & to measure AT? at the
qg R, L, q operating temperature
| of the circuit.
0
AT3 Band-gap Reference
In
R2 ] of |::> EG (J)
— re 2 —
R, InK 2) *C g(coulomb)
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Cascode BGR

Same
potential §

VDD
I! Mg .
q M4, M3: Current mirror

Vigs1 = Vs, because Iyg; = Iy,

Mo
VDI — VD2 + AVD
Lot The cascode current mirror can

R ) AV, § L_R> Ve reduce the current error by the

residual temperature dependence

Sf Dy } Vy, ©Of Vps 1 Vi, but it requires the

VSS large supply voltage.
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BGR current reference

Temperature-independent current reference circuit with BGR

* * * VDD
I, = AVy = kT InK < < « PTAT
1 M4 Ms Rl qu
M Jp = Vo1 AT?
llref:IO+I1 Il Spahpe (—len +EG)
R, ¢R, 1
" L v KT 1 | AT’ E
— > I,+1, _—(EIHK_R In 7 )+ I;
Oir:?a q | 2 qi,
llpt tlllgR AVp| R, (= R,) N o Y,
R,
I1l Vm(&f (Sf KD2 lh 0
AT
l : ! +—— VSS In
2 i

R, InK ”



Design example of cascode BGR

VDD

15/5M; _|p

215/5 M, L||9
|J

Start—u

5/5 Ms |

5/5 M,
Lo = 2uAl

D,
50umX50um
VS .

8*50umX50u

=2uA,K=8,W,/L, =1

Say [ ¢
My 15/5
Aov= ZIref/,Bl = \/2 -2u/(98u-1) = 0.20V
Myy 15/5 From Eq.(1) shown 1n the slide 20,
1 kT _1.380- 10723300
B Iref?ln(K) - 2u-1.602-10-19 In8
= 27kQ

t— Vi
From the simulation result for 50um-

lrer = 2UA .
l ' square diode.

From Eq.(2) shown in the slide 21, ; _
In(K)

= 3sik I, = 3.45-10713
Sf : A= ls i = 3.45- 1077 8621i10e_‘5/300
| 950umX50um = T3 e = 3003 eo.
= 0.038
AT3 3
In 0.038 - 300
(Iref) _ In( 2u ) _
= =13
In(8) 24




