EE 505

Lecture 11

 Formalization of Statistical Models
» Offset Voltages



Review from Last Lecture
String DAC Statistical Performance

INL, assumes a maximum variance at mid-code
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Review from Last Lecture

Current Steering DAC Statistical Characterization
Binary Weighted

N, T N/ T ”@ @ @ @
- _INT, Y +(ﬂ_1j A . LU e
INLy=<1000..0> \ 2 N —1 2 N -1 Irek W

ILSBX

Note this is the same result as obtained for the unary DAC

But closed form expressions do not exist for the INL of this DAC since the
INL is an order statistic



Review from Last Lecture

Statistical Modeling of Current Sources
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(will discuss assumption later) Pr WL
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o2 - Az, where A, Acox.AyTo are Pelgrom
goi WL process parameters
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G'Di = WL \/Ay + ACox + 2 AVTO
Ion EB
- A, = A*+ A
Define s = A T Poox

1 4 : :
Thus o, = \/Af: +—— A, Often only A; is available



Review from Last Lecture

Statistical Modeling of Current Sources
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Gate area: A=WL

- Standard deviation decreases with ./a

» Large Vg reduces standard deviation

» Operating near cutoff results in large mismatch

» Often threshold voltage variations dominate mismatch




Theorem: If the random part of two uncorrelated current sources |, and I,
are identically distributed with normalized variance, a,i/ then the random
In

variable Al=1,-1, has a variance given by the equation Gi% =20i/
N Iy

Proof: A/ I -1,




Statistical Modeling of Circuits

The previous statistical analysis was somewhat tedious

Will try to formalize the process for obtaining two important statistics, the
mean and variance, of a function of interest

Assume Y is a function of n uncorrelated random variables Xxg;,...Xg, Where
the mean and variance of xg; are “small”

Y = f(le,sz,...an)

pdf of the random part of Y is invariably highly nonlinear joint function of a large
number of random variables

m m
Recall if(le,sz,...an) uncorrelated and £ — > ax,, then o7 => a’cs
i=1 i=1

Since random variables are invariably small, will try to linearize the dependence
of the random variables on Y and use previous theorem to obtain yand o



Statistical Modeling of Circuits

X
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Y = f(le,sz,...an)

Assuming means are all 0, Y can be expressed in a
Taylor’s series expanded around mean as

Y =f(X)

X0 +Z_@x Xp; +5(xR1,xR2,...an)

where & (xp,,Xz,,...Xg, ) is due to higher-order terms and is small




Statistical Modeling of Circuits
Y=f(X), , +Z Xg,

1 OXp,

X =0
Note power series expansion Iinearized Y in the variables (le,sz,...an)
A P
= — %
Y. Yy 1 Yy Oxp, Yoso
From Theorem: ,
. 1 0
0% =3 — f o2
ﬁ j=l1 YN 8XR] X, =0 j
Define:
XRj
Yy Oxy, -




Statistical Modeling of Circuits

But

2
&L A 2 L A 2 x n A 2
2 f 2 . f JN 2 . f 2
o Y ~ (|:Sij:| Gij ) _ Z |:Sij:| ( ) Gij _ Z |:xjNSij:| Gﬁ

Y, JA j=1 X; j=1

JN XN

Alternatively, from the more standard definition of sensitivity S;;, ;
J

¢/ = Xy Of

S o=
J
Yy Oxg

/o= of
Sij - xjNSij

we thus obtain




Statistical Modeling of Circuits

Y=f(xR19xR29"'an) oy =Zn: ) )

Y is any function of interest N

(le s XpyseeXp ) Random part of process parameters

Determined by Circuit
Determined by Process
« Determine sensitivity function by analyzing circuit

« Determine variances by characterizing process

This approach is a formalized approach to statistical analysis that
is more systematic than the ad hoc approach used in last lecture

Will now focus on characterizing the process parameters



Theorem.

For any arbitrarily shaped transistor there exists a rectangular
transistor that has the same static |-V characteristics

¥—_Channel

X
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L V\Channel
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‘ >
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Only channel is shown which is the intersection of Poly and Active



Arbitrarily Shaped Transistor
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Consider first the mobillity
A2

Claim: o’ ="
A
Hy

where A, is the Pelgrom matching parameter and A is the gate area

Argument: , D>/ A
Assume (define)
| 14(x, ) dxay E/
Meg =
eq A V\Channel
Let S, be a square of area A, in the channel ,{ X
e
v S
Z jy(x,y)dxdy
_ =4y
“eq T A

where the channel has been partitioned into N disjoint regions each of area A

For convenience, assume A=A, =A, foralli,]



A2 v >E/ A

Claim: 52 —_*
HRr :
LA <
N
Argument continued: 2. f u(x,y)dxdy

i=1 A

“eq = A

Assume the random variables _[ ﬂ(x,y)dxdy are uncorrelated and
Aki

identically distributed with variance Gj A
) 1
It thus follows that O, —NGﬂA
A k I A
_ _ 2 L 2
But nominal A, is AkN:%I N=A/A\ G,ueq —Az AkN O A,
2 2
Define A, = Oty ol = L Gun =Aﬂ
: HyAf A Heg A lu]%fAkN A




Concept can be extended so now have:

2
2 A/J
be YL
My
2
2 _ ACox
Com = P where A, Acox,Ayto Ar, are
Coxn Pelgrom process parameters
2
2 AVTO
VinR WL
A2
GZR — _ Ro



Statistical Simulations

Often simulations are used to predict statistical performance of a circuit

Variable of interest are often Gaussian (e.,g. Rg, Cgr, Vogrs lrs----)

Most CAD tools do not have a rich set of random variable distributions
(maybe not even the Gaussian distribution)

Many tools only have a single random variable generator that is U [0,1]



Theorem: f(y) and F(y) are any pdf/cdf pair and
if X~ U[0,1], then y=F"(x) has a pdf of f(y).

1 n X
Corollary: If h is a rv with F(h):ﬁ " e 2dx
then y=F-1(h) is N[0,1]

CDF showing random variable mapping of x, from U(0,1)

A F
S L'/—
/_7 X1
;/I X




Theorem: If y=N[0,1], then z = oy+pu is N[y,0]

F(h)= ;{Herf(l; ;’ﬂ

In Excel:

NORM.S.INV(h)=F-(h) where j— o 2o

NORM.DIST(h,u,0, TRUE) = f(h) where

NORM.DIST(h,u,0,FALSE) = F(h) where F(h)=[—ce



Some useful relationships:

27 o
ERF(x)==[e" dt
T 0
The CDF of the N(0,1) random variable x is given by

F, (x)=%(1+ERF£%D

Excel Older Excel

@NORM.DIST f(x)

@NORM.S.DIST f (x)

@NORM.INV @NORMINV F(x

@NORM.S.INV @NORMSINV Fy' gx;
@NORMDIST Fy (x)
@NORMINV F(x)

where f: PDF F:CDF



Example: Determine the area required for the
resistors for an n-bit R-string DAC to achieve
a yield of P if the device is marketable

provided  [InL,,,, |< %LSB

Solution:

N =

Want: p_ j f(INLkMAX)dX
N

X=——
2

X ILlINLkMAX o
Let X, = recall JIN X, =—2 = 1
GINLkMAX O'INL = —_— GRR \/N \/NGRR
KMAX 2 R 262’? Ry
Xy v
tus  P= [ f,(x)dx £ ~N(01)
_XN

Since P is fixed, can solve for Xy



P +1
P=2F,(X,)-1 XN=FN‘1( - j
where F\(Xy) is the CDF of a N(0,1) rv

X L I Opg, = A,—R
N o, IN reca ;Q_R WL
R N

JWL
thus Xy “AIN JWL = AR«WXN

thus, we obtain \W _ AR\W . F,\71 (PZ-F 1)



Since there are N=2" resistors, total area becomes

ATOT:2”\/WL:2”AR\/N0FN1(P2+1J 2"A. 22.F (Pz”j

or equivalently Aror 23nA OF (P;—']j I



Offset Voltages

All ADCs have comparators and many ADCs and DACs
have operational amplifiers

The offset voltages of both amplifiers and comparators are random variables
and invariably are key factors affecting the performance of a data converter

Operational Amplifiers:

Generally differential amplifiers whose offset is dominantly
determined by randomness in the first stage

Comparators:

High Gain Operational Amplifiers
Latching Structures (often clocked)
Combination of High Gain Amplifiers and Latching Structures

» Offset voltages of high-gain amplifiers well understood
» Offset voltage of Latching Structures often difficult to determine and can be very large



Consider First Offset in Operational Amplifiers

Vl Differential VOUT

Amplifier

V) —

Input-referred Offset Voltage: Differential Voltage that
must be applied to the input to make the output assume
its desired value

With a good design, a designer will have V; at the desired value if the
components assume the values used in the design

Any difference in the output from what is desired when components assume
the nominal values used in a design is attributable to a systematic offset
voltage



Offset Voltage

Two types of offset voltage:

« Systematic Offset Voltage
« Random Offset Voltage

> Vour

Vica

v

Definition: The output offset voltage is the difference between the desired
output and the actual output when V,;=0 and V,, is the quiescent common-
mode input voltage.

VouTorfr = VouT - VouTDES

Note: Voyrore is dependent upon Vg although this dependence is
usually quite weak and often not specified




Offset Voltage

1t Vour

Vica

v

Definition: The input-referred offset voltage is the differential dc input voltage
that must be applied to obtain the desired output when V.. is the quiescent
common-mode input voltage.

Note: Ve is usually related to the output offset voltage by the expression

VOUTOFF

Ap
Note: V¢ is dependent upon V - although this dependence is
usually quite weak and often not specified

VOFF=



Offset Voltage

Two types of offset voltage:

« Systematic Offset Voltage
« Random Offset Voltage

> Vourt

After fabrication it is impossible (difficult) to distinguish between the
systematic offset and the random offset in any individual op amp

Measurements of offset voltages for a large number of devices will
provide mechanism for identifying systematic offset and statistical
Characteristics of the random offset voltage



Systematic Offset Voltage

Offset voltage that is present if all device and model parameters
assume their nominal value

Easy to simulate the systematic offset voltage

Almost always the designer’s responsibility to make systematic
offset voltage very small

Generally easy to make the systematic offset voltage small

Can tweak out systematic offset after design is almost done
Random Offset Voltage

Due to random variations in process parameters and device dimensions

Random offset is actually a random variable at the design level but
deterministic after fabrication in any specific device

Distribution of native offset nearly Gaussian (If offset compensation is not employed)
Has zero mean
Characterized by its standard deviation or variance

Often strongly layout and area dependent



Offset Voltage

Vos

s

Can be modeled as a dc voltage source in series with the input (on
either terminal)



Offset Voltage

Effects of Offset Voltage - an example




Offset Voltage

Effects of Offset Voltage - an example

VIN

»_\/OUT

Desired /O relationship

A%
A R, R
VDD T
V| t
VOUT VIN
Actual 1/O relationship due to offset
A
VDD T
Vour
1
Vi _ !
VIN
A
VDD T
/_\/_W
Vu . P 2 — »t
N——— N——— / N———
VIN




Offset Voltage

Vos

Vos ————

Effects can be reduced or eliminated by adding equal amplitude opposite
phase DC signal (many ways to do this)

One such technique is “dynamic offset compensation”
Widely used in offset-critical applications

Comes at considerable effort and expense

Prefer to have designer make V,5 small in the first place
though penalty (e.g. cost) for making it sufficiently small
without correction is often unacceptable



Dynamic Offset Compensation

Vos

Vos e——-

Most basic dynamic offset compensation at input



Effects of Offset Voltage

« Deviations in performance will change from one
iInstantiation to another due to the random component
of the offset

 Particularly problematic in high-gain circuits

* A major problem in many other applications

* Not of concern in many applications as well



Offset Voltage Distribution

number A

M| la,

6 5 -4 3 2 1 1 2 3 4 5 6
Offset Voltage Bins

Typical histogram of native offset voltage (binned) after fabrication



Offset Voltage Distribution

number A
Gaussian
(Normal) pdf\/\
/
§ \

i | | .

6 5 4 3 2 1 1 2 3 4 5 6
Offset Voltage Bins

— |

Typical histogram of offset voltage (binned) after fabrication

Mean is nearly 0 (actually the systematic offset voltage)



Offset Voltage Distribution

number A

.

6 5 -4 3 2 1 1 2 3 4 5 6
Offset Voltage Bins

Typical histogram of offset voltage (binned) in shipped parts when
entire population used for a single produce

Extreme offset parts have been sifted at test



Offset Voltage Distribution

number A

[ |

6 5 -4 3 2 1 1 2 3 4 5 6
Offset Voltage Bins

Typical histogram of offset voltage (binned) in shipped parts
Low-offset parts sold at a premium

Extreme offset parts have been sifted at test



Source of Random Offset Voltages

Consider as an example: Voo

ldeally R,=R,=Ry, M, and M, are matched

|
Vourt = VDD'(%jRN

Assume this is the desired output voltage (note not assuming Vg 1.pes=0V)



Source of Random Offset Voltages

Consider as an example: Voo
|

If everything ideal except R,;and R,
Ri=RytRr1  R=Ry*tRgo

Thus at the design stage, V7 is also a random variable

|
Vourt = VDD‘(%J[RN"'RRZJ



Source of Random Offset Voltages

Consider as an example:

Voo VlDD
|

Ré %Rz Ré %Rz

Vour

J:{E,h Mﬂb Val2 —{E/h ME]}— Vg/2

VSS



Source of Random Offset Voltages

Determine the offset voltage — i.e. value of V4 needed to obtain desired output

Vbb
|

RN*+RR1 % % Rn*TRR2

Vout

VI{E” “ﬂ— Ay =-ImR,
7R e

I
_ T I QD
VOUT{VDD-(EJRN}(EJRRz - Ay Vx Ve

|
VOUT-DES{VDD-(ljRN}

2
Setting Vo 1=Vout.nes and solving for Vy, we obtain

1 (It
Vy=Vorr = | L IR
X~ VOFF AV(ZJ R2



Source of Random Offset Voltages

Determine the offset voltage — i.e. value of V4 needed to obtain desired output

VDD

RN+RR1 g[ % RN+RR2
VOUT

_ 9
@H Ay =-"MmR
VSS
Vv =V, :i Il R
x=VorF = 5| 7 RR2
_ 2 (lTj _(lT ]RRZ ( I jRRZ RRo
Vy= T IR, =| T |°R2 = =Vgg 2
X ImRN\ 2 R dm/ RN \IT/VEB ) RN =B RN
_ RRr2
VOS-VEB—R

N



Source of Random Offset Voltages

Determine the offset voltage — i.e. value of V4 needed to obtain desired output

VDD

VIHIA Mj}iL Vog = VEBRLZ
}; RN
éDIT ov.s = VEBOR,,

Ry

A

If resistors are integrated OR., = TR where Ag is the Pelgrom parameter
and A is the resistor area Ry A

A
Thus GVOS = VEB Ti



Source of Random Offset Voltages

The random offset voltage is almost entirely that of the input stage in most op amps

M,

Vour

SCTE

VDD

T

Vx

S
ol

Vour




Random Offset Voltages

Source Gate Drain

] L |

n-channel MOSFET

Source Gate

i

Drain

n-channel MOSFET

Impurities vary randomly with position as do edges of gate, oxide and diffusions

Model and design parameters vary throughout channel and thus the corresponding
equivalent lumped model parameters will vary from device to device



Random Offset Voltages

VDD
T
The random offset is due to missmatches in the M;] P/%D"
four transistors, dominantly missmatches in the ) y
parameters {V, 4,Cox,W and L} ouT
V1 %[;Nh M2;_]}> V2
The relative missmatch effects become more Vs

pronounced as devices become smaller

Ik

Vi=VintVig
Coxi=Coxn*Coxri
Mi=HUNTHR;
Wi=Wy+Whg
L=Ly*lg

Each design and model parameter is comprised of a nominal part and
a random component



Random Offset Voltages

V=V tVog M;I P/Li [tM .

Coxi=CoxntCoxri

Mi=UNTHR; V1~{[;M1 Vs Mz;“‘Vz

W=W+Wr,

Vour

D

L=Ly*Llg
For each device, the device model is often expressed as

Ipi = (b + “Ri)(cgﬁgffg?i)(wl\l +WRi)(VGSi'(VTN + V1R (1+(M*ARi [ Vos ])

Because of the random components of the parameters in every device, matching
from the left-half circuit to the right half-circuit is not perfect

This mismatch introduces an offset voltage which is a random variable



Offset Voltages

VDD

Assume currents at output node must satisfy relation 1,=l,

Strategy:

1) Obtain expression for Ve (referred to input) that forces |,=I,
2) Linearize expression in terms of design variables and decorrelate
3) Obtain oyog



Analysis of Offset Voltage (Neglect R))

VDD
oy = B (Vi Vi Ve Vi )
=P (Vi Y,V )
1y =B (v, Vo Vo
1 =22 (v V)

2L

4

Since \ﬁ = ﬁ

Vorr TVine Vs~ Vim _\/

Since \E = \E

up4COX4W4L2 (
HpCoxa W, 2L,

up3C0X3 WL,
My Coxi WiLs

(VX 'VDD 'VTH3 )

Vine Vs Vi :\/ Vx-Voo-Ving )



Analysis of Offset Voltage

ine- Lu ,C. W
Deﬂne. o L1;up3Cox3W3 b _ \/LZ P4COX4W4
Lsﬂn1Cox1VV1 4Hn2“ox2¥V)

Substituting for a and b, it follows on eliminating Vg that

M,
Vorr =Vim —Via + (a - b) (VX -V ) +bViy, —aViy Vorr ﬁ

T Ly
Assume Vi =Viy —Viz Vine d) I
a=a, +ag
b=b, +b,
VTni = VTnN + VTnRi =12
VTpi — VTpN + VTpRi =34

Observe ay=by and Vyy-Vpp-Vion=Vess

Since the random part of Vy multiplies only a-b which is small, it follows that

Vorr =Vig1 —Via + (a - b) (VEB3N ) + bV, — Vi

VOFF = VTHR1 o VTHR2 + (aR o bR )VEB3N +ay (VTHR4 o VTHRS)

2 2 27 2 2 2
GVOFF o ZGVTnR + aN 26VTpR + VEB3N GVabeR

Will now obtain ag and bg



Analysis of Offset Voltage

VOFF - VTnR2 - VTnR2 + (bR —ag )VEB3 +ay (VTpR3 _ VTpR4)

g \/(Lm +Lg, )(:uNp3 + Hp3 )(COXN3 + Coxra )(WN3 + WR3)
(LNB + LR3 )(/UNm + Ug, ) (Coxm + COXR1 )(WN1 + WR1)

1

1-x

Recall for x small, 1+x ;1%

1
1+ X

_ (LN1'uNp3WN3) 1+1|:LR1 _ Lrs + Hrs  Hpi n Coxrs _ Coxri + 2R3
(LN3:uNn1WN1 ) 2
Thus

-
|

Likewise

b — \/(LN1#NP3WN3) 1|:LR2 . Lr, + Hra  Hro n Coxra . Coxra n W, WR2:|
R W,

w WRB}
LN1 LN3 ILle3 lLan’I COXN3 COXN1 WN3 WN3

w w

1 2 LN1 LN3 Hnz  Hng COXN3 COXN1 N3 WN

LN1:uNp3
L

WN3) 1 {Lm . LR3 n Hrs  Hpi n COXR3 B COXR1 n WR3 WR
Lyys bWy W,

Wys)

w

N1HNp3 YV v3

R:
aN:

(
(
(
(

)
LN31“Nn1 N1)

(LNBIUNn1WN1 ) 2

LN2 LN4 Hnps  Hnnz COXN4 COXNZ N4 N2



Analysis of Offset Voltage

Ly . Lr, n Lr, . Lr, + Hrs  Hps n Hra
a _b — (LN1luNp3WN3) 1 Lvi Lya  Lug LN3 Hnps  Hnpa  Hn2
R MR — "
(LNBIUNMWM) 2 n Coxra . Coxra n Coxrz _ Coxri + Wks . We
COXN 3 COXN4 COXN2 COXN1 WN 3 N
2 (LN1ILle3WN3) 1 2 2 2 2 2 2
ao—bo — — O-L +GL + 0O +0O +GC +GC +O-W +GW
R—OR (L U W ) 2 Lgq Lps HR3 Hr2 OXR3 OXR1 3 R1
N3/~“Nn1" " N1 Ly Lys Hnp3 Hnn2 Coxns Coxn1
Thus
L.y W,
2 _ 2 N17Np3~ " N3 2
O-VOFF =20, 2 O-VTpRS

VT R2
! LN3ﬂNn1WN1

2 (LN1'uNp3WN3) 1 2 2 2 2 2 2 2 2
+ 0 + O + Oc + Oc + Ow + Ow
OXR3 OXR1 R3 RA1

+ —_
EB3 (L w. ) 2 Lgy Lgs HRr3 HR2
N3HNm Vv L4 Lys Hpp3 Hnin2 Coxna Coxn1 W3 Wi




Analysis of Offset Voltage

but
A2 2 2 2
V AVTO 02 _ 0_(2: ZACox Gi — 2AL2 G;/ — 2’L2\VV
WL “e WL oe WL = WL = WAL
Hn OXN N N
e
OFF
| ]
So the offset variance can be expressed as Vine
2
O_2 — 22 VIno A\iTnO 2 L AVTPO
T

LW, 1| A2 A’
+V,:.2Bsﬂ”1 L T + A2 LI + A2 3 + 22 + A’ 22+ 22
/UnL:aVV1 2 W3L3 VV1L1 W3L3 VV1L1 W3 L3 VV1 L1 VV1L1 W3L3
Often this can be approximated by

2
2 _2A\§Tn0 2,upL1 A\prO RVZ. /’lpL1W3 1{ Aftn + Ayp 2 ( 1 1 ﬂ

Ov,., 2 EB3 + Aox +
WiL, W L H LW, 21 Wil WL WiL, WL

Or even approximated by
A2 L, A

2 —92 \VVTnO 2 VTpO

T 2 WL, W, L




Random Offset Voltages

Since Vg, and Vg, are related, this is often expressed in simpler form as:

2 2 w1|_ A2“n+W1L A +Aéox{w 1L +W1|- ]
02 =2 Avton,Mp Ln A2 Vegn| " Pep mnoTeTe
os | Wpln Hpw, L5 "OP 4 e S B B B v A
Hwo wold |l wE LW

where the terms A 1y, A, Acox, AL, and Ay, are process parameters Voo

AyTo = {

25mVepy (p-ch) v
A
~1.023u  (p-ch)

Y i TRV ot
A =Ay =0.017p > Vs

Usually the A,y terms are dominant, thus the variance simplifies to Q>
Ir

21mVep (n-ch) T
A2 42 {.01 6u  (n-ch)

2
A
2 .ol"vion ,HMp Ln 42

Yos | Wi Ly Uansz vTOp N

0]




Random Offset Voltages

Correspondingly:
1L Aut 1L A‘Z‘*’+Aéoxl 1L i lL]
2 _2 AifTOn +Hp Ln 2 _I_VéBn Wn n Wp P Wn n Wp P
Vog 2 VTOp
s TWL u WL 4
n—n n n-—p 2 1 1 2 1 1
+2A] —+ = |+ A -+ ;
WL WL LW, LW
VDD
which again simplifies to [
Vx
; W
2 o Avron,Hp L 2 '
Oy =2 ' 2 AVTop Vour
os | Wpln Mpw,L 0
Vi 4{[;“/'1 v Mz;l}fvz
S
Note these offset voltage expressions are identical! (D It

N



Random Offset Voltages

Example: Determine the 3o value of the input offset voltage for
The MOS differential amplifier is

a) M, and M, are minimum-sized and Voo
b) the area of M, and M, are 100 times minimum size I
Assume Ly;n=W,n=0.5U, Ay715,=0.021V and A,;5p=0.025V Vx

_ -

2
Avion,Fp Ln 2

2
o, =2
Vos Wihlny Upw 12 vV1Op
nbp E j
- V1~{ M, M, }>V2
_ Vs
2 2 2 Hp A2
o, z—|A +——A
Vos Wn'—n[ VTOn U VTOp_ <¢ ]
a)
T 2 2[.0212+1.0252} N
0S (0.5/1) 3
GVOS;72mV
30VOS;216mV

Note this is a very large offset voltage !



b) the area of M, and M, are 100 times minimum size

Random Offset Voltages

Example: Determine the 3o value of the input offset voltage for
The MQOS differential amplifier is
a) M, and M; are minimum-sized and

Assume Ly, =Wpnn=0.5u, Ay70,=0.021V and A;op=0.025V

2
0] =
Vos

0)

30

Note this is much lower but still a large offset voltage !

W L

2
AVvton,Pp L

A2

Woln MW, l?

2 2
[A VTOn U

[100(0.50)]°
=7.2mV

VOS

~21.6mV
Vos

“pAz

VTOp

VTO p

2 {0212+1 025 }

The area of M, and M, needs to be very large to achieve a low offset voltage



Random Offset Voltages

G oy~
v —[io Q:]ivz V14|ica1 Qg:liv
(a) (b)
It can be shown that
_ X 5
A A

o2 =2V@|dn, P

Vos AEn AEp

where very approximately
AJn =AJp =0.1}J



Random Offset Voltages

o o
Example: Determine the 3o value of the offset voltage
of a the bipolar input stage if Ag,=Ag;=10p?
G =
2 2| A2 A Ve
o =2Vf| 4+ P
s Aen Agp .

=1.6mV

1
o, =220mVe(0.1pe
V
oS /10“2

30,, =4./mV

VOS

Note this value is much smaller than that for the MOS input structure !



Random Offset Voltages

Typical offset voltages:

MOS - 5mV to 50MV
BJT - 0.5mV to 5mV

These can be scaled with extreme device dimensions

Often more practical to include offset-compensation circuitry



Offset voltage difficult to determine in come classes of comparators
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Dynamic clocked comparator

When o, is low, V, and V, are precharged to V5 and no static power is dissipated
When @, is high, enters evaluate state and no static power is dissipated



Offset voltage difficult to determine in come classes of comparators

Very small, very fast, low power

But offset voltage can be large (100mV or more)

Dynamic clocked comparator

V1 or V2

Metastable Output

V2 or V1

\

] T
CLK
Transition

Decision is being made shortly after clock transition when devices are deep in
weak inversion and signal levels are very small



1 Dynamic Comparators

Metastable Output

V2 or V1

\

) T
CLK
Transition

Dynamic Comparators widely used because of low power dissipation

Often include one or more pre-amp stages before regeneration applied

Previous-code dependence and kickback both of concern in dynamic comparators

Noise may significantly affect performance and difficult to analyze and simulate
because transient noise models in deep weak inversion are questionable

Still major opportunities to make significant improvement in dynamic comparators



- Dynamic Comparators

—4E|"
:

Significant difference in performance among those available

Analysis and performance assessment either analytically or via simulation not
trivial

Opportunity to make significant advances in dynamic comparator design
likely available

Analyses of static and dynamic random offset voltages in dynamic comparators
J He, S Zhan, D Chen, RL Geiger - IEEE Transactions on ..., 2009 - ieeexplore.ieee.org

... Geiger, “Yield enhancement with optimal area allocation for ratio critical analog circuits,” ...
He, S. Zhan, D. Chen, and RL Geiger, “A simple and accurate method to predict offset voltage in ...
¢ Save DU Cite Cited by 244 Related articles All 15 versions Web of Science: 105



Additional details about offset voltage,
statistical circuit analysis, and matching
can be found in the draft document

“Statistical Characterization of Circuit Functions”
by R.L. Geiger



Summary of Offset Voltage Issues
Random offset voltage is generally dominant and due to
mismatch in device and model parameters

MOS Devices have large V4 if area is small
o decreases approximately with 1/J/A

Multiple fingers for MOS devices offer benefits for
common centroid layouts but too many fingers will
ultimately degrade offset because perimeter/area ration
will increase (A, and A_ will become of concern)

Offset voltage of dynamic comparators is often large and
analysis not straightforward

Offset compensation often used when low offsets

important A2
2 vion,Hp Ln 42
MOS: 05, =2 ¥ A
Vos | W, L, ananp VTOp
2 A2
AS Aj
Bipolar: G’%os ~ 2Vt2[Aé: +AEE}
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Stay Safe and Stay Healthy !







