Industrial Challenges of Advanced
Analog Design in Deep Submicron
Process Technologies

July 2012

Ahmed Helmy, Ph.D.
\ Sr. Staff Design Manager, Intel Corp., Chandler AZ

Associate Professor, Arizona State University

A. Helmy; PhD



Introduction

A Designing analog circuits on deep sub-micron process technologies (32,
22,14, 10, 7, 5 nm) has its own set of challenges.

A With supply voltage scaling down, threshold voltages holding its values to
maintain moderate leakage currents as demanded by low power designs
for modern and mobile gadgets, the headroom is running out.

<

A Coupled with degraded rout and denser metal stack, stringent density
rules, higher BE parasitics make analog design even tougher, especially
for high yield products that are required to ship hundreds of millions of
units with very low wafer cost.

N
A This focused short course is intended to address these challenges from
an industrial view point, starting from the basics, building its way up to

designing advanced analog blocks in deep submicron process nodes,
while keeping yield as the number one challenge.
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Who Is an analog designer ?

A Studied analog design in collage

A Got a degree in analog design, BSC, MSC, PHD
A Taught analog design at the university

A Sat among people discussing analog design

A Talked about analog design

A Worked in an analog design company
A Designed many analog design circuits
A Laid out many analog design circuit
A Taped out many analog designs

A Sat in the lab to measure and debug analog designs
A Told his family that he is a designer

A Posted on his FB page that he is a designer

Who is a brain surgeon?
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Qualities of an Analog Designer

A Never say this is what the simulator gave
A Meticulous

A Pessimistic
I Always consider worst cases.
A Miser (area and power)
A Says this in his/her sleep
~ T Variation
I Random, Systematic, bias, PVT
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Analog Designer which one? J

A High-context cultures (including much of the Middle East, Asia, Africa, and South
America) are relational, collectivist, intuitive, and contemplative. This means that people in
these cultures emphasize interpersonal relationships. Developing trust is an important first
step to any business transaction. These cultures are collectivist, preferring group harmony
and consensus to individual achievement. People in these cultures are less governed
by reason than by intuition or feelings. Words are not so important as context, which
mi ght i nclude the speakerds tone ofd aadeven e,
the personéd6s f ami | y -cantest communicatiom tknds to lzetmors . Hi
indirect and more formal. Flowery language, humility, and elaborate apologies are typical.

A Low-context cultures (including North America and much of Western Europe) are logical,
linear, individualistic, and action-oriented. People from low-context cultures value logic,
facts, and directness. Solving a problem means lining up the facts and evaluating one
after another. Decisions are based on fact rather than intuition. Discussions end with

\actions. And communicators are expected to be straightforward, concise, and efficient in
telling what action is expected. To be absolutely clear, they strive to use precise words and
intend them to be taken literally. Explicit contracts conclude negotiations. This is very
different from communicators in high-context cultures who depend less on language
precision and legal documents. High-context business people may even distrust contracts
and be offended by the lack of trust they suggest.
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Day 1: July 17

Morning Session: * Setting the stage:

9am 2 12pm * Introduction and basic transistor operation
*  What to expect out of the transistor in 22nm and beyond.
* Device matching considerations....in 22nm

Afternoon Session * Building Block design in deep sub-micron
1pm =25pm *  Bias, can it still be global?
* Different topologies of bias circuitry
* Bias stability and matching considerations...

Day 2: July 18

Morning Session: *  Diffamp, ...
9am = 12pm *  Opamps....

*  VCOs
Afternoon Session * Noise...
1pm —5pm * Analog layout...

* Yield considerations
~.PVF
* Bias

*  How many sigma's?
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Technology Trend

From Sand to Si

http/://www.voutu be.com/watch?v=05paWn7bFg4&feature=related

Area A form factor, mobility, hand held

Power A cost of electric bill, battery life

Speed, speed, speed

. Capacity

‘User experience A apple
Wave length
\ROl/wafer cost

As technology feature size is reduced,
the dobing of the diffused regions is
increased to avoid total pinch off effect.
Higher doping leads to higher depletion
capacitance therefore lower supply is
needed to avoid junction break down

ldsat (Speed), Cox, gate oxide thickness, Supply voltage,

threshold voltage, leakage

N
N
N
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http://www.youtube.com/watch?v=Q5paWn7bFg4&feature=related

Technology Trend

U Si developmentis still
obeying Mooreodos | aw

o~

10,000,000,000 —,

Moore’s Law

U # of xtors/area on an IC —— -
doubles every 2 years o
100,000,000 — Number of doubling every 24 ,+7 Itanium 2

10,000,000 —

' If Moore's Law were
\applicable to the airline

Number of transistors on
an integrated circuit

1,000,000 —

~industry, a flight from ,.,

_+* ®Pentium 4
® itanium
3 * Pontium Il

“ Pentium Il

" *pentium

New York to Paris in N A

1978 that cost $900 and el B

took 7 hours, would now sl ™

cost about $0.1 and take | | | —
~ 2 seqc\)nds. e "W e

N\
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http://en.wikipedia.org/wiki/New_York
http://en.wikipedia.org/wiki/Paris

The MOS

Example of today’s technology: 50 nm transistor dimension

Transistor for .
90nm-node Influenza virus

Source: CDC

_ Source: Intel
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3D Transistors, why? What does it mean
to consumers 22nm and beyond
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Back to Basics

O
Metal
G
V4 ?

Source (S) Gate (G) Drain (D)

Source l

region

Oxide (SiO2)
(thickness = 1,)

ox

Oxide (Si0,)

Channel I
region

|
< L >
p-type substrate
(Body)

p-type substrate
(Body)

Channel
region

Sl

Body
Drain region (B)

(a) (b)

N

What can you change as a
designer?

W (yes), L (?)
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Channel Inversion

+
N I Gate electrode 1

p-type substrate

== 7
I vfs l +

Depletion region vpg (small)

Induced n-channel

p-type substrate
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Channel Resistance

ip(mA) 4

0.4 Ugs = V, +2V

*i(,-=0 ,.D¢ D=

0.3 Yos = V, T+ SV

: Induced n-channel

0.2

petype'Sﬁbsn'atev
0.1 vgs =V, + 05V \ B
=V, =
0 50 100 150 200  ups(mV)

\
\

e WhatisV ,? \

N Vgs> V ¢, Tor channel to be inverted.
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High Vds

p-type substrate

\ B
\
\

\‘ﬁ As V 4 goes up, what happensto V. 4?
» What happens to the channel resistance?
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Impact of High Vds and Pinch-off

in A
~<— Triode —>-|<— Saturation >
Ups < Vs — Vi Ups = vgs — V;
Curve bends because — |
(e chanstél sesiiéanos | Current saturates because the
increases with v | channel is pinched off at the
; | drain end, and v, no longer
\ : affects the channel.
\ Almost a straight line |
with slope proportional |
\ ;
\ o (Ugs — V) | Ugs = V,
\ - -
0 Upssw = Vs — Vi Ups
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ip (mA)A

N I\/I OS I_V C/C = ?‘r::iise_ v )’ Ups = Ugs —.V,
— <— —

region /

~<— Saturation region —————>

UGS = V[ + 2.0

Ugs = Vo = 1.5

i
+ ——| - Ups
UGs - | Ig = x',,-|' - 1.0
- T Y

(a) 0.5

vgs =V, + 1.0

| Ugs = V, + 0.5

-
vgs = V, (cutoft)
(b)

- awW
kD ~ (nzCox %Eg GS V )VDS 1 VDS Triode Région

o
ra
o)

~

VGS \/t SaturationRegian

9?

i \:1(
D 2 ox
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20

L=

1.0

05

Ups = vgs — V,

>
vgs (V)

. ’% ’G;'L”: (vgs —

oD

+

Vr)z : Ups

0

vGS = V
Ups = UGs —

V,



OUtpUt Resistance Take a mental picture
— in A

Source

: —  Upssa= Vas — Y + ! Uns — Upssa Triode i A —————;
[e—sL— AL 4>| AL |<—

| |

| I

|

I 1

= L |
- oy

=
//
o
P \Slope——
~ Iy
\ - — o
// /‘//
\ i — s =V, = 10V
<2 S
T~ " _____,_——'" G
\ G e vgs — V, =05V
. e e e e e -

» Gate Length impact?
x Channel Length Modulation - Effect
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Model with finite O/P Resistance

;=1 i =
> *s Lk Pives — ViF \
Va = % _C h ! #> % 5
L Va |
D N
. AW G
:%(nzcox)?fg GS V) (1+/VDS)
1. Triode
2. Rout

3. Vds mismatch
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VDS > (VGS N\ VTHN) &VGS :VDS
0>- VTHN

Always true, always in satif | > 0

lps=0m Ves=am Vps

\ Vpdlps=1/gp,
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ID ID
_|_ 4{ VD.S‘ —|— 4{ VD.S‘

VGS_‘Y VGS_‘Y _

t_

Vg llYgmsllto 8 1/ g

N

DesignPracticesfor DeviceSizing and Biasing:

For analogdesign,we useL of atleast2x minimumgatelength
(from 2x to 5x). This is requiredfor good output resistance
(gain) and matching(q)/y UAreal). Trade off betweerspeed
and gain. (gain Ur,), (L Ur,)

For Vps satthe commonpracticeis to choosearound5-10 % of
VDD. For a 2.5V design Vpg sar ~ 125mVgateoverdrive




3. What happens to device parameters with temperature?

Theparameterghat changewith temperatureare thresholdvoltageand mobility

KF)I’] = nZ'COX -

0oX

threshold voltage vs.

m. f"x wherem is themobility, e is theoxide permitivitty andt,, is theoxide thickness

temperature

A. Helmy; PhD

Vi =-V. - 2V, +%QSS , Q. isaconstant

oX

KT, N,
:\/2qNAe "Vfb_ ?I T
N
Vins = Vs - Vg :Eln e Vi,
q n
Vi =- EI DI -P\k—Tln \/ . P
q ni q nl C:ox

WVain _ Eln ND,poly+ Qo o 3 Em No, poty
ur g Ny G2 g N,
thetermk/qis thechangan thethermalvoltage\/t with temgrature

HVe_ K akTg_E = 0.085MV/C?

if Np oo, =107 andN, =10"° anapprox valiesfor long- channeldevice

”V% =-1mV/C”’ sothethresholdvoltageV;,,, decreasewith temp(moreleakage

M

if N

u\/% =-0.6mV/C° whydoweneedtoincreaselopingfor short- channel?
K

o.poy = 107°andN, =10'" anapprox valesfor short- channelevice




1 p‘THN

T(:\‘4'HN V.
THN

Vi (T) = Vi (To)- @+ TCVy (T - T))

~———-
—_— -

T=- A

T
Vo(Tg)--4--—==

, temp eratre coefficient of thethresholdvoltage

=

<—— The slope is C'Iiwh

b

for shortchannedeviceV;,,, =0.28V, TC\,,,,
mobility vs. temperature

>

T. in Kelvin or Celsius

=-2143ppnV C°

The reduction in mobility with increasing temperature is modeled as (not including non-linear variations in mobility)

o-l— L5
n(r)=n(T0).§er£§ , mobility

o 15
\

UKP(T) _ AT, 8

B - kP 1L5)%e

T (To)-( )ge;g
ltekp=— L WKP(D) _-15
KPT) uT T

T-T,
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KP(T) = KP(TO)%Q-I-I%g , transcondctanceparameter

1
T,

, temp eratre coefficient of thetranscondctancegparamete




asT - m®l, ® Dominant at high ¥

asT -V ®l, -

Dominant at low ¥

600.0

<
=
- 400.0
)
Jo¥]
=
\ z
= :
S 200.0f--eemeneeencion
\ = .
Q
\
\
0.0
0.0 0.2 0.4 0.6 0.8 1.0
\ sSweep v
N (a) Tr=0cC" Gate-source voltage
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4. Current Mirrors in CMOS Processes and Mismatch Mechanisms

Same point

_ KPR, W
| rer = ( ) Vos = Vi) *@+/ (Vo - Vosisar)

VDSl :V681 :VGSZ ndVDSl,SAT :VDSZ,SAT :V(351 B VTHN
KP W
THN)2(1+ / (Vo B VDSl,SAT)

\ l < (VV/ L), (d+/(V, - VDSl,SAT)
IREF (VV/ I—)1 (1+ / (\/D81 - VDSl,SAT)
if L, =L,and/ =0(long channel)
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Mismatch Mechanisms in Current Mirrors:

1- V1, mismatch
N DVTH
2
D\/TH
2

lo o4 2DVr,

I REF

VTHNl = VTHN -

VTHN2 < VTHN g

VDS,SAT

For better matching
higher \s satis needed,
.e. higher V¢V,

Bu\t, higher VDS,SAT
causes the current mirror
to enter triode early,
current mirror range
VDD - VDS, SAT

A. Helmy; PhD

2- KPn_mismatch

kP, =Kp, - Kb

KP, =KP. + 2
lo o4, DKR,

l REF KPn

As geometry featuré

Cox ! anditis better
controlled, 3 is the most

dominant mismatch factor

3- Vﬁmismatch

I, o 1+/,V,

1+ /1'\/DS

| REF



Biasing Current Mirrors

Goal: Wanta referencecurrent that is independenbn supplyvoltageand ground noise

VDD=1V
|
M1 (—— (“( M2
1002 |17 1L 1002
FEE—
65k= | Inzr lfo
7
Y
e N B.0hnyl-- :
N\

Replacing R in the draip
side with an ideal

1.05 1.10

VDD

| — Voo - Vse

REF R

I : :
Flrer - 2 assuming/ .. is const
HWVop

Weee = 1 _1540/v[ BAD
Wop 65K

lo = T (I ger: Vosa /)

current source (ideal
MOS)

A. Helmy; PhD
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Using a MOSFETnNly reference circuit

JY_E_’:
Assume long
channele=0

bias circuit

N 2

el oL 2L, 9
Vo -Voo -V P16 S+ 0 =l....const
( DD THP THN) REF ,\/ KPp.VV3 \/Kpnvvlg REF

8

Hleer = o\, - Vi - Vi, )/ CONSEE 127781V

Still BAD

HVbo

N

M2 mirrors the current
in M1 while M4 mirrors
the current in M3.

Replace the resistor bias with
a MOSFET. Both M1 and M3
can be considered as an R but
both are in the drain side of
the other transistor

Next we will study the supply independent biasingFéndnnected to the source side of

the current mirror instead of the drain

side
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(a) Donodot know the value of Jhe mirroreg¢g _current

because VGS2, VGS5 are not obviously related T _:MS Ml]—“—f _f‘ff‘_{“___4 M5
(b) M1 and M5 are mirrors, but how to force the same D J
current in M1 and M2 iR j’j
(c) Addition of a PMOS current mirror to force N
same IREF in M1 and M2 @ ®)
VDD VDD
VGSl - VG2 +1 REF'R L .—_Fm
VgsyMmust be > Vs, so we make (W/Ly (W/L); so that the e —h L Vo
same currentdcr can pass at a lowerd4, |
M2 K
B multiplier ref circuit M| — Vb
b - }<I:)n\ﬁ JTREFL IREFi% R __E___+V€ fb aVOid
L \ [ TiTparasitic cap ?
NS N . *
2| (c) ~ )
Ve [ —= +V
GS THN ~ 20 % 1
VDS,SAT _VGS - VTHN - W W \/K
b, = K.b,orW, = KW, g multtiplier ref circuit o KPnLll RKP, L11 ¢

-

forK =4

-

\

W W 1.
On = KR,.— L VDSSAT \/ZKP L | rer :E '1
2
| per = Constant gm, if R is external, gm becomes-|’
R°KP, 2 process independent but watch for instability

A. Helmy; PhD
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VDD VDD

e 100;[‘ _ Vsiaw |I..14_ 1002 M4 is not diode connected any more so its drain voltac
o T I - can follow M3 drain voltage.
- ” 1 If Vreg is high, Vbiasp is high and | in M4 goes down
biasn reg .
3. 20072 and hence lowering Vreg, also M3 current goes low an
M1, 50/2 ]I I Viasn Vbiasn goes low to follow Vreg
lfREFL IREE?i::, 5 5
N ig uh — Ir=f2 — Irefl
_mefp TS 1 I
Vyeg : i ! i : ! :
P R— + I/'?‘ea + ' '
Vba'a:p > & 10 ; ;
3 Modeled in SPICE Voiasn — :: : : : :
Vbiasn using a voltage-controlled AV Gain T U] SR A __L___'—-_—'_—'—_—_
voltage source. ' ; : : :
Vbi'a_fp =10- (V?eg - beasu] N
N\
£.0
Theamplifier tries to equate Vreg andvbiasn . : - : : :
n.o n.z 0.4 0& n.g 1.0 1.2
\ . oD ¥ ~
makingit independentf Vop ; VDD
VDD VDD

\ T T

MA3, |F fﬂ MAA4,
100/2 100/2

Typical implementation of regulation @mp
Out

MAI1, MAZ, —
50/2 50/2

<
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Cascoding current mirror

A Vds variation is the biggest cause of current mismatch
A To have a constant current Vds must be constant, but this will force a constant Vo

A 1If we increase the output resistance this will make the current more constant with VD¢
specially in short channel process nodes, solution is (cascodinbehdtoom??!!

VDS,SAT :VGS B VTHN Ngs = 2(VDS,SAT +VTHN)
Vo,min is .M4 drain vol_tage — @g Nps.sar Vi
below which M4,M2 triodes L -

Beta-multiplier biasp #[ J(f REF B Io
This is not the minimum Vo “‘E’glﬁffg-l-’ M5
that can be achieved because =~ —— . (D)vo
t(Fallbsol.uti*mln happenshwhfen Vb iotes 1\--13| ‘?/_\) 4 J/
SRR \6S.’SAT0n = Voo t e Vas =Vossar Vi
M2 and M4, i.e 2 Vs sar 1o M1 ‘—.7 M2
{ 0. | / %7
NS

NMOS are 10/2.
PMOS are 30/2.

Notice how cascode eats from": .. |
your voltage $pan
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Lets check the cascode output ss resistance

Assume =T,

Vi

|y

R,

I imp

-

I 2 _
~ (2+ gm4r02)ro4 \ gm4ro4r02 © gmro . A\/'ro

Self gainof M, g,..r,,, multipliesr,, of M,

Cascoding increases output resistance
compared to a single transistor but is it a
good solution for short channel devices in
modern process nodes where Vdd is scaled

down and your headroom is limited??!!

»

A. Helmy; PhD

Need a wide swing cascode

Cascode XTR ﬁ@” z y ( \J;

Rail XTR

T

For small signal put all DC
gate voltages =0



Wide swing cascode current mirror

VDD

- Vmp—q Iner
/ k/

2-Ves =2 (Vpssar + Vrun) M3 |[fo—| M4
PR Vas = Vpssat + Vv

b
//I: M2

\ Vs = Vpssar + Vraw ('7_ Q7

> 2 Vpssat + Vian

\ (a) Regular cascode structure
\ \\ > 2. VDS sat
<« i
Ve =2Vpssar + Vran || M4
\ T / VDS,sat

Vas = Vpssar + Vran M2

-

(b) Low-voltage (aka wide-swing) structure
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Wide swing cascode current mirror
KP, W
= - _l(v - VTHN )2

N\ ==
REF > L
KP, W, KP, W,
| cer = 5 LMWS (2\/DS,SAT)2 T LMWS 4.
MWS MWS

W Waaws 4 if W =W,,,s then

L, Lyws

AL, = Lyws

If we increase LMWS to $Lmin
voltage will be > 2VDS,SAT

L

s SIS sl SR SIS

> |
g >
>

>

i |—

|
S O B I

|

Better matching as Vt = f(L)
A. Helmy; PhD

(VG S

VDD VDD

mes Irer
: q| |t oV,
M5 El DS,SAT
MSb—‘
Ves =2V 4 —
V. 1\ wWs | GS Dssat + VIEn | M4
TH N | !

VDS SAT

% % see text Ml ‘ lVGS = Vpssar + Vran | 0

v
L

_r_-.|>—a

AV 7

1.Q

2VDS,sat



HowevertransistorsM1 andM2 still do nothavea perfectlymatched V¢

M1i s e &Sbonitsdrain, M2 s e ®4source A betterdesignpracticeis to matchtherail devicesetter

VDD

mesp - ,J ¢ IREF

£ =

A. Helmy; PhD

IR_EF

MS5b
Vs = 2Vpssar + Viay

Ml!]

N

‘ lVGS = VDS._s_m + V|

.

2VDS,SAT

M4

VDS,SAT
M2 N\

FDD

v T

{Table 9.2)

Beta-multiplier

from Fig. 20.22

Vo

| M5b

T

Z\-I;l;H 4+

Unlabeled NMOS are 50/2.
Unlabeled PMOS are 100/2.

Added device

M4

M2

ul

Figure 20.38 Wide-swing cascode current source i the short-channel process {good).

Notice the drain-to-source voltages of M1 and M2 are the same.



How fast a MOS is? transition frequencsﬁf

for smallsignalanalysisv,s =0,C, andC,, appearin //

— ) ig —l =
Yos j-W'(Cgs+ng) = I

[ .
4| 26(Cye* Cyo) T G
Ves(1) N
. i [ L
MOS transition frequencyis the frequency at which é
Its current gain Is unity ki=1 Velocity
Given that Cys= gW.L.COX > X ,in saturaton  ch9 v saturation
3 > =
\, V/IE=¢
V,
fr= In_ - ( VTHN): i P \/E -------- >
2,0Cgs 40°C_, 4p L e
forshortchannebewcespluetoveIOC|tysaturat|onW|th decreasmgength —> | As Ll ET

miL is relatively constantyielding:

Henceal and

e/L ~ const

Oy = KPn.W

—V,
DS,SAT
L

g, :\/Z.KPH.VTV.ID
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A Figure of merit (FOM) for comparing processes:
Used to compare transist-6(6FW) tprddac¢eo

/ Transistor self DC gain

______

_____

_ _ 9 1 _3m i i
GFT =g, f m_ f
Ol fr 2. T 20 L2 (I,) | Constant for same L independent of bias nor curre
MOS self gin
W e W
Iy _\/ZKPHL.ID \ KR i 4 K%
N /1 D / \/E /(VGS' VTHN) \\/VDS,SAT

This shows that the DC gain of a MOSFET decreases ywithile speed increases with |

Subthreshold region
1,000+ <« Speed goes up

100 S

For high f, use min L and highpé sar
ButlowLhaslowjand | ow gai n t|h

Also at large ¥g sarthe MOS triodes
> early hence produces low swing
fre>frpase> €,

10 4

| |
I I 1 I
0.1 uA 1 uA 10 pA 100 pA
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6 sigma Understanding Variation

If everythingwerepredictable human beings,who havepretty goodbrains, will
undoubtedlylearn to predicteverything,
A andtheywill thereuponhaveno motiveto doanythingatall,

becausahey will recognizethat the future is totally determinedand cannotbe
iInfluencedby any human action.

On the other hand, if everythingwereunQredictable,

they will gradually discoverthat there is no rational basisfor any decision
whatsoeverand, as in the first case,they will thereuponhave no motiveto do
anything at all.

Neither schemewvould makesenseThe world is a mixture of the two.

Somethings are predictableand othersbeunpredictable

They will \fhen, amongstmany other things, have the very important task of

finding out which is which. < N o
Variation is inherent to a proces® é



T — 2

X XTI X | (X-X)
1 130 P20 400
2 166 16 256
3 178 28 784
4 131 119 361
5 140 110 100
6 125 125 625
7 127 123 529
8 145 15 25
9 110 i 40 1600
10 184 34 1156
11 161 11 121
12 194 44 1936
13 171 21 441
14 125 125 625

[ERN
a1

163
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Understanding Variation

Sample Mean

Sample
Standard Deviation




Understanding Variation

If we take the height of all the people of India and draw a distribution
Of frequencies it will tend to follow a normal distribution

A. Helmy; PhD



Understanding Variation

Mean
X-bar

A. Helmy; PhD



Understanding Variation

Mean
USL X-bar LSL

LSL and USL are those specification limits beyond which your product
doesndot have a salable value i n the m

A. Helmy; PhD



Understanding Variation

34.13% 34.13%

13.60% 13.60%

N

0.13% _ 013%

-3S -2S -1s X +1s +2s +3s
+— 68.26% ———*
\ < 95.46% >
< 99.73% >
s SiIGMA
N 68.26% Fall Within +\- 1 Sigma

95.46% Fall Within +\- 2 Sigma
A. Helny; PhD 99.73% Fall Within +\- 3 Sigma



Understanding Variation

Common vs. Special Cause

Type of Variation Characteristics

Always Present

Common Cause \ Expected

Predictable
Normal

Not Always Present
Special Cause Unexpected
Unpredictable
Not Normal
Has a surprise element

A. Helmy; PhD



Understanding Variation

A Unsafe drinking water almost 15 minutes each day

ANo electricity for almost 7 hours each month

A 20000 lost articles of mail per{\our

A5000 incorrect surgical operations per week

A50 Newborn Babies Dropped At Birth By Doctors Each Day

A200000 wrong drug prescriptions each year

- Can you believe, all above correspond to a
performance level of 99%!

A. Helmy; PhD



Understanding Variation

If We Accepted The Goal Of 99.9% Quality

A

o o Po o Io Po

Then We Would Haveeée

One Hour Of Unsafe Drinking Water Every Month

Two Unsafe Plane Landings Per
Airport In Chicago N

16,000 Pieces Of Malil Lost By The U.S. Postal Service Every
Hour

500 Incorrect Surgical Operations Each Week

22,000 Checks Deducted From The Wrong Bank Accounts Each
Hour

32,000 Missed Heartbeats Per Person, Per Year

A. Helmy; PhD
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Taguchi Model

Market sigments

Cost

N Performance

A. Helmy; PhD



Amplifiers
Common source amplifier (CS)

AC ground common

WhV active loachas hlgh I, small to both input and output.
area, high r gives higher gain. Less VDD K VDD VDD VDD
power | S P
> » M2 vine="cf[ M \ M2 v d| M2 |
A diodeconnected MOSFET can be #[ [D\\ [ 4[
thought of as a small signal resistor b Vou b Vou F p—Vour
with a value of 1/g. ] D7 R VAN
¢ r a 1/ ‘"Q—H VI M1 Vin —H Ml ‘ M1
| S I |
o A N4
+ [ @ () © (@
Ip Ground common
4 Vps to both input and output.
Vs Figure 21.1 Four possible configurations of common-source amplifiers
_ — with gate-drain loads.
VDD
\ Fo1 I lop > >—
: Om2
52
#[_\-’12
F'a'l > 1
i Em2 - d 1
——Vou Gl Vou Vout — gm2 - 1/ ger gnl

A. Helmy; PhD

ny A =
11’5?’:4“ \’_[]. Vin f‘"lgm Vi Vin i .l l/ gml gm2
= s1 g g
S ml
A ¢

N



A T 0 Bode Plot for Constant Term

B
[}

[am)

B
[}

Magnitude (dB)

e
[}

His) = H{jo) =15 -B0
: TR(s) [H{jo)|=[15]=15=23.5dB
N i . ZH{jw) = £15= 1P

ase (degrees)

-100

< stable region unstable region —> 10° 1’ 10° 10°

Frequency, o (rad/sec)

N

The phase is 180 foriave const
(I nverted am

Must occur in conj pairs

A. Helmy; PhD



LHP Pole

Asymptotic Bode Plot

(Smgle Real PO]-B) Magnitude Plot
20 . .

=

hagnitude - dB

]
o]
:

40 '

--------

10 10

45 T

Phase Plot

[

i =
i3]
T

Phase - degrees

i
fs]
T

135 .

10 1°

A. Helmy; PhD

Freguency - @, rad-sec”

1

LHP Zero

s
Hizy=1+—
(s} 0

Asymptotic Bode Plot
(Simple Real Zero)

Magnitude Plot

20

Magnitude - dB

10 10 10

Phase Plot

Phase - degrees

45 1 1

10’ 10°

Freguency - o, rad-sec”’



Stability Criteria, more on this topic later

de —— db{vout}

0.0

Openloop |l ..
gain

K
v Gain margin

10°3 10°4 10°5 10%6 0”7 10"8
[requency Iz

—— ph ot )

-100.0

-180 , ¢——H—+

1073 10™4 10°g 10%¢ 07 1074

\‘ frequency Hz T'C _ 2 4 pF
6

Phase margin

A. Helmy; PhD




The frequency response of CS amp

Overview: Mil I er 6s TI Cr
Consider an inverting amplifier as shown belo |

The current applied by, \to the capacitor is: |

i = Yo Swc_ AV, wC. .1 L, ‘

F in out e
Ze ‘ \'f )

This looks like a single cap load at the input with a value of: and a cap at the output with a value of

Vin —4 - 'l:m\
e BT

Cur=Cr-(1 +|-’1\=|] ~ — Cyo=Cr- | l-|-

L‘I Vv | !
S N

(Effective input capacitance gets multiplied), also effective input capacitance is multiplied by the gain, this gives
Cin and hence slow circuit. Note thdiller theorem is an approximatiorsince direct connection between in and out
throu@hi 8Cmi ssing Ashorting input and output at h

A. Helmy; PhD
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Freguency response

DCgainis - 9w/ 9w

Two RC time constants exist:

=R(C,y *Cya)
Ci = Cyro(1 497

mi
m2

and
tout < gi'(CSQZ + Cmo)

C _nglg_k ng
gml O

We can now geflne the frequency response as

A/(f)z 'fgml/gmz :
L@

in out

)
where
1
n 2,0 (;] \\
1
20t

A. Heélmy; P B)

out

VDD VDD

CTS?E 1 -5g2
o—# [).-{2 0—q ‘ M2
Vou
¢ +— Vou 2
.gdl ° )
5 ‘ | J—\/&f I VI
L £
pu/‘! CgLJ \\ / * %
| Vs —_——
v | Con(1+ L)) dl(l+|4| Ces C"“Huﬂ
NS
(a) (b) After applying

Miller’s theorem

Right Half Plane (RHP) Zero

One I mportant 1 ssue i
the 6zerod due t o caple
output, which will be effective at high frequency.

The i/p feeding directly to the o/p because of the

RHP zero without the inversion can result in

instability when the amp is used w/ f/b

v

Lets find the RHP zero



Consider the small signal model, where Ro models

ngl
both ‘load’ and input transistor output impedance. GT o . D1, D2
_I_ 4
| | Lol ]
RO =—/ T2 /! Ty ® —— Vin = Vgsi '\\l/-'gn.tlvgsl ~ R, C, Vour
ng gm:Z T T T
— S1 -
C,=Cy, ¢ e .
B N
Summing currents at the output:
1
v = \C_,+C
vam vm + out +gm1-vm — 0 Tam g, ( 582 ma)
1/ jwC,y R, [/ jwC,) "
Em2
C v O, =C 1422
1— jw gdl e £ 1( gm]
Vﬂg‘r{ :_gml"Rg' : g?}'!l -__,._-""_—--J'_——- "“
V., ]-I—JW(ngl +C )R, -~ . - ~
a . fQ
, £ 8
The output pole is similar to what was derived before if Av=-g, /g, 1s small ALD)=-Gn R &  f0
2178
C out~
......... \ = &
" 8w A zero in the right half plane (RHP) has the same magnitude
I zZ |
27C ;!

j response as a zero in the left hand plane (LHP). However RHP
T . zero has the same phase impact as apOze in the LHP. Can

cause instability in feedback configurations. Phase margin &
+ve fb.

A. Helmy; PhD



Amplifiers with Current Source Loads why??

This provides the largest possible load resistance and thus the largest gain

Common Source Amplifier

Also called ClasA amplifier. Both M1 and M2 conduct current (in saturation

for proper operation.

Small signal gain:

F’: (_-10',:;]_
ks G1 D1, D2
l l
e o ™
15"‘\_})’ Vin = Vesl ¢ | Em1Vesl

Ll
S S

m)(rolllroz) h

'g ( 1||r02)

( Q-

VO
V -
AW DC Gain
Vin

gol * goZ

Frequency Response of CS Amplifier:

~

DD VDD
T
Bias circuit Vbias1 _|
in Fig. 20.43 LJT M2
% Vo
V"’—{[‘ M1
Use the long-channel N

sizes and biasing
seen in Table 9.1,

The o/p node at the drain is a high Z node, with only D connectran Zr,,. Source
or drain connected is a low Z node=¥/g,.. High z nodes have low freq pole that limit

t he

t he peed/BW(but

A. Helmy; PhD

gai

n

I's high)
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Using Miller approximation L A
1 G Cap - q[m \/4;_# -

fiﬂ ° [ \ %:% e 4 (_d_g:_ ? Vout
2p (CQS]. + ngl'(1+ ‘A/‘))RS Cgﬂ ’_:. Vout
1 © R‘H| M vy e =
g we LKL ST AER
\\\\\ vy [ u) Cgsl Vs I'\f\f/: ;_ _
,Zp%:dgz gal %—"“ ‘ (rol I, ) N \T/ J J%C@HHAJ) e
(; - \ AR ~
\ \\\ (a) (b) After applying
fz = gml \\\ AR Miller’s theorem
2p. ngl \ “wIn reality £, is at a much higher frequency, around
A =- gml_(rol // roz) \ 200MHz. Why ?! Because of palplitting ! As A
a . fao N starts dropping at 20dB/dec beyond ¥, sees less
_ ? JTZQ ‘\\ N and less capacitance,;(1+A), i.e. higher Z, So it
A/(f)__gml'(rol”roz)'é T \. 'ceases to decr eagappedidataa t
gt | T@+ j 8 ‘- much higher frequency. This happens for highfAR
Assume LA X o \is zero, there woymiddl, be
\ wequation in this case will be the only pole and its
g\ =150mA IV <4
U W expression will be accurate.
r, = \ :
1_ End effect iIis that the sec
r,=4M W ) "
e SRS N S AR T away. Why didnot we have t
A= 150mA NV ( w w Let us analyze pole splitting in detail.
Cn =(Coa *Cou(A)) 80T oy Flttens out. that i stops
Cou = (Cop gL ii» 6° 2fF 8fF= vl dB T T
f =2 3|\/|Hz,f0ut =OMHz,f %1.%Hz , - =~
Compare poles and zero freq to previous lectufe B I I 1 I I
A. Héelmy; PhD '9"-'ha:;'""‘"""La:;"""""“"1.;:;""""""1'0':.;""""H""'a.;:;"""'""‘La:;u"'"""“"1.m



: ]
No Miller Approx. ] v
{ M2
____________________ %7 Cae _':‘L %—
R) = I ”r '/ . ﬁ\\\ E s Vent fin ° f - ‘ %‘J:%
ol H'o2 . Note that this is not Vv \ c'g_,,-l[_,, 2,0(Cgsl+ngl.(1+|,6\l|)).RS
\_ . S N
CO 7\ ng2 ”r’,\’ -------------- ~~"‘~-_\~_,," |_\,,o\§tj |‘ M1 f o 1 @
e Lo 4 a 10
X 1- jw— % Similar to v () Cen Zp%:d92+cgdl'§+7oq(rolll fo2)
v g e = AR
= g..R. : il Previous lecture | Vg ¢ ¢ -T
Vv, 1+ w.(Cyy, #C)).R  summi ng A c
. node D1, D2 R: Gl =l D1. D2
At node G1, KCL gives: l WA —| ] : ] ’ .
VAERY v v, - e (W) vm=v l ()gmvei R l Co v
in s + in 4 i Vut & ALY Vin = Vsl Cen | e e o Vour
R 1/ jwCy 1/jwCy | _ T s T
¥R X =
SV, JUC \ _ )
TAE s At |l ow frequenci es 2ortwvéesr m B
iﬂmgﬁﬂmgm small o, yielding the | ow f
R .
C 1+ JWB Where A\/ X gml(rol ” r02) = gmlRo' Co = Cng
1- jw—& Ys 1y juC :
J 0o B " VourlWga low freq le is located at
Yo O T C M COR T e 1 o \ 1
g ° o HINCyg + |UC oy f; it ‘ f AT
\ C & ‘F’ A g;&\ Zpl_(cgdl + Cdgz)'rol ” r02 + (Cgsl + ngl(l+ AI))RSJ
g..R.(L -5 gdl)’_,,—':'\z 2PC, if C {1+ A )> >other caps
Vv g Seel-m -
2= ¥ f° L similar tof. usingmiller approx %:%
V, As+ BsH 20C, 41+ AR,
A=R.R(Ga - Ga +G G K Cy) if R,=0,A=0and
B=[(Cor Q)R (1Gy G R G & R R f,0 — L) similar tof ,, usingmiller approx
B = (Cyq *+Cogo at 170> + (Ca + Cra1+ A)JR 2\Co * Cu b I ©

A.Helmy Php



To determine f2 we factor f1 out of the denominator, we can put the denominator in the(mrr]'w:?).(l 4 —)

1 f2
-~
[1+ S[(ngl + Co)R) + (CQSL + C )Rs + nglgmlR) RS]] ASL+Bs+1=
Z[RORS(CnggsL +CCyq + Cngdl)] g e (1+Bs)(1+:§/(I+Bs))
%L d(Cu +CoJR, *+(Ca + Co)R + Cyn8RR]+19 ’

If Rs=0 second term goes to unity i.e f2 is not present, amp tr function has a single pole associated with the outpu
Rs needs to be large. Looking at the second term and dividing it by sSRoRs gives i

b lecacoec g
C |.(ng1 + CO)/ R+ (Cgsl + ngl)/ R + CédlgmlJ'Fl/ sRR, g ,\

Orm-C -
Also note that > i Solving for f2, we have: f, = :
el 9 " 2P (Cour Coa +c:0.cgsl €,C)

This is quite different from the éoutputgmpoleﬁlﬁap

and C0s wee have f2=240MHz. Why do we use the tier
parallel tocgdl f1 decreases while f2 pushes out. ;

/
4

b

A=R.R(Ga Ga *G G. G Gy
B=[(Cp C).R (Gs G R Gi G R R

A. Helmy; PhD



Generally for any 2 stage amplifier that | O . &

can be put in this form I NP A e N J l
Emivs '\JL_/" vi SRy =Gy "\'1'_/] Em¥l S R ¢

f — gm2 ] _ .( - I T T

* 2pC, Y

f © , for Iarge gaing,, R2 Figure 21.25 Generic model used to estimate bandwidth in a CMOS amplifier.
" 2p[(C +C)R +(C+C (14 9,uR )R] 2 2 o Cr
f o ’ 1 _ - [ VA - | J‘ J Jl .
" o2pllc(o,,R))R] T *® As C2UCL increases, 2 (2) vemve dmca ()Emveg R Co v
9..C decreases, hurt stability I 3 | % T
f 0 m2™~“’c - L
> 20(CC,+CC,+CC,) v
a fQ 2010g 22S) g
Voo 1) 218 -
f out\ * / — z7- \ Apc (in dB)
AI( ) Vs(f ) gmlangRz é. f &g. f 6 \ Jum = f2dp - Apc = Sl
%_’. J T@ TB X o - 2nC,
G 1~C 2~
If Cc is made large we will get pole splitting and f1 << f2, fz fs =1, A N
i.e f1 is called the dominant pole . H\
yse _\\\\
A\/\(f AY out( ) gmlRingRz — gmlRigmzRZ 90
) %4— fg (l+ Jzﬁ 'ngRZFQﬂ.CC) —180¢
g fl e Unit — 20%logi{mag|voutsws))
frf>4 Increasing Cc will cause f7l4.
()= Voul ) O and f1 to decrease need Ve
A v.(f) ‘ “\(zpf C,.) | zero cancellation
o NN
f Unity gain frequenc P
= Arfoae = (20C.) X HEeH T
A. Helmy, PhD 1075 107E EJ:‘;:?UEMV 1078 . 1079 10710 10711




Cancelling the RHP Zero

As discussed in the previous lecture, the amp i/p feeds directly through Cc to the amp o/p w/o phas
inversion. For high gain amp the lack of inversion when the amp uses fb can result in an unstable «
To avoid this situation we add a resistor in series with Cc to attenuate the high freq signals (where
zero occur) and push the zero to a higher freq

f = Oz _ 1 7 Input /\i&\/ Hr Output
Pl opc. T
gmz
With a resistor \
;oo 1
Wi 21 Can you work this out ??

|-

2p.C, ?9 - R,
m2

If Rz=1/gm the zero disappears (pushed to inf freq). if Rz>1/gm2 zero is pushed to LHP to provide

degrees phase boast that aids stability (lead compensation), any practical design that uses pole sf
should include zeraulling resistor
\\

\

A. Helmy; PhD



Very imp notes and summary

A High imp nodes has low freq poles
AHi gh o/ p res amp can not dr |

hurt stabilityo
AHi gh o/p res amp can not dri
drop due to | oadi ng, needs a

A Increasing Cc will cause fz to decrease need zero
cancellation else stability will be hurt and f1 will decrease
as well

A Next lecture, OTA and folded cascodes has all nodes at low
Imp 1/gm, all of its poles are at high freq, except output

“node that has a high I mp Ado
compensation can be done via load cap. Opposite to two
stage amps

A. Helmy; PhD



Operational Amplifiers

Specifications:

AOL=open loop gain

CMR=common mode range
CMRR=common mode rejection ratio
PSRR=power supply rejection ratio
Output voltage range

Current sourcing/sinking capability
Power dissipation

Total Harmonic Distortion

Basic 2Stage OPAMP Design

DC Gain:ADL,DC:Al'AQZQ mn-(ronl | rop)'gmp' ro?

A. Helmy; PhD

Vi

Used to lower the gamn at high frequencies (compensation)

.
é.—
)l
)l
— -
-~ -
+ —
"\-\._H_ -H-"\-\.
- -
A = As :
,f'/ ,_HI
- -
Diff-amp Gain stage

Provides current gain
P

Vout

Buffer
VDD Parameters from Table 9.2
with biasing circuit from
Fig. 20.47. Unlabeled NMOS
o are 50/2 and PMOS are 100/2.
‘* M7 Scale factor 1s 50 nm.
- C{'
\—{ }—ll— Vout

[‘MS T
Vp T~

| . Vout
MEB , -
| Vi _

Op-amp schematic symbol

A,



Basic TweStage Amplifier Conversion

../-
ng11'5| ¢ | 1_'1

‘\T/ -

As shown in lecture 4 for a generic amplifier a RHP zero is located at

= Im . :
f, ‘_2,0—.(2: A Dominant pole is set by Cc
\ 1 multiplied by the low freq gain of
f, ° , for largegain g,,,R, ' second stage
C.+C,). C +C.({1 : i
\ 22 C+1 2JRe (G +C 1+ 9,R )R] A As Ccincreases f1 decreases ar|d
f 0 2IC0RIR] = f f2 increases causing pole splitting
c m2 b
¢ o 9:Cs N As C2UCL increases, f2
> 2plcc,+CC,+CC,) 2 pole decreases, hurt stability
\ x T 8
Y (f f, 2
f) = Jout —
A= 0T o

DC gain

A. Helmy; PhD



Vol f]

20log () dB
If Ccis made large will get pole splitting and f1 <<f2, )
f1 is called the dominant pole. The main motive is to 1> R
2-pole, tzero system looks like a single pole integratc e
Sfrag=h f fo 12
A/(f): Vout(f) = I RiOme R — IR 0dB < g
Vs f é. . f 6 1+ Jzﬁgm CC ’ }_’\
-~ vilf) 218 ( RRC:) K .
; —90°
At frequencisabovefl wehave f/ f, > 4
—180*
A\/(f): Vout(f)|: gml
v,(f)] (20 C.)
g Figure 21.26 Magnitude and phase responses of a generic CMOS amplifier.
f = <m

"~ (2p.C) Unity gain frequency

L]

Increasing Cc will cause f3
and f1 to decrease need

e _ 1 zero cancellation
BW AN 1:1 — '3dB T
(20.9.RRC.)
A\ W SN \ 1
S =9 R 9o R
un \ m |
(ZpCc) - < /," (ngmZRzRicc)
N\
As f1 and f2 split fz is still present as a RHP zero,
Unity gain frequency or gain band width product js f impacting phase margin. Also note that as gml=gm2
unity gain and zero frequencies may overlap => almost
\¢ guaranteed low phase margin !!

Hence we need to cancel it out.
A. Helmy; PhD



Operational Transconductance Amplifier (OTA)

A voltage to current converter that can only drive capacitive M3 b—d M3l M4l ‘pﬂ LR

loads (no resistive loads). A typical one is a gm/gm stage

All nodes are low impedance (sees 1/gm as impedance, not vg{

ro), except output node

b, =K.b,, = K.by, =K.b,
K.b,, = b,

i3 7 i31

i, = Ki,,

VgSl =- Vgsz

V= Vi SV S Vg - Vo = 2Vg

~ligy Ty = -y =iy = OmnVga = g;m (Vp = Vi)
i, ==, =-i,/K
i = Kig,

I, =g, =- i, /[ K=i /K
i, =-i; =- Ki, =Kl

Vout u iout'(ro4 ” r05) = (I4 Y, i5)'(r04 ” r05) ZK Id ( 04 ” r05)

Vou

=K.
v = KOl 1)

. i 2K,
mOTA — .
A. Helmy; Mo Vim 2'Id /gmn

A =

out

*Imn

VDD VDD VDD

L o
Mﬁl? LR

. olp compensated opamp

2K gm“ (V- Vo) (Foa N1 1es)

Tour



The ideal OTA has infinite output resistance. If we cascode the
current mirrors, we will be increasing the OTA output

bias?

resistance without the need for big devices. ot
- ; )
Vout
I;bfasi t T (?E
A\/ = gmn'(Rocasn” Rocasp) v, r ] N
iasd
_ 1
fo=_ 1 ‘ | & &
3dB e I
2IO(Rocasn” Rocasp)'CL 7 L\‘/
GBW=f, =A.f,s= Imn As before Single stage o/p compensated 1 pole
2p.C, no need for CC, high PSRR
l ncreasing the | oad capacitance decreases the uni

out put compensat ed a manpwhendthé dakpecantbécemetunstablesvitha ge o p
large load cap (as f2 will decrease). The OTA only becomes more stable with large load caps. Adding
a second stage to the OTA make it like what we discussed before and it may become unstable

CC T fl l:f2 \)

For 2 stage opamp
Increase CC to counter
balance high CL, but
cLl 12 ) PSRR will degrade

A. Helmy; PhD
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The Source Follower (SF Commdrain Amplifier) D
F s [
\\/; =9 (Rs of_m1I1Ro of Mz)nObOdyeffeCt " _:];ﬂ
Vou ||r 8 O 8- Imlo o 1(speciallyif M2is cascode c—51
V % r +1 gmlr +1 { __}H_ Vi
Vi iD
Used as a level shiftegy=vq,t+v; __» Vin min — . —
——————————— /” ?
Vout > vsgvtp, vout > Vowvin-vtp,.wvin >-vtp
Vinmax< Vaa~ Vos.sat™ Vsg =—=>|  “Vip< Vi, < Vg~ Vs sar Vg
Input capacitance of SF
Consider the charge entering the gate capacitance; |
A\ ~ SN
QIN \ Dln 'Cdg 6_ \'{rp A_. Vn_)' Qg AvOl "\le'__/l m A, - Avpy
QIN = DnC (H- /s) \{n Qg /—ii‘ﬂ'm Cie | S
QIN n dg as AV é 1 _____ ; E #[
Cae D SF
— QIN g v

CIN _W :Cdg esg(l A'/) Cd%

in

The sourcegate capacitance does not affect the input capacitance (unlike the CS that can have a
very large input capacitance due to Miller effect). Can be used in amps that need low input cap.
Cons noise performance is poorer than CS, CD due to its low gain

A. Heélmy; PhD



Frequency behavior of SF

If we drive the SF with a source whose resistance is Rs, then the input pole will be

1 1
fin = 2RC. < 20RC,, A very high frequency pole due to low Cdp

On the output

1 .
four = 2R .C_ = 2pgcr,noad R.s—1/g,, but g, is freq dependei high freq pole due to small Roq

To get how gm depends on freq Vs _— G e, Td 5
Z. () Zs —
1/j2Pf Cy +Cy) | u. ,»[ |, ,f-}a + l S N 3
Vgs( f) = VS. 1 s -\“'Ih’/' < V; "x_:l,fl Vs T Cg: EmVes I'k,_¢_,-" ?
| 2 T | L |
JZPf (Cgs +ng) \Q; €7 S
A\ Vs Rout or R into Source is resistive
1+jZ,.2R.C,, €,) at low freq and an R in series witt
./ aninductive load at high freq, ma
() =g V(f) =——oms induce ringing while driving
1+Z.j2R C, €) capacitance loads due to RLC

g
f)= .
gm( ) 1+ZSJ2 H (Cgs €gd) /\ /
_\1 (1 1_2 fES(Cgs Cga) LS= Rs(Cgs"'ng)ifZS:RS

1 N ST\ N\
Rt =
gm( f) m gm

A. Heélmy; PhD



R)ut:i(l' WZ-L-(CQS'Fng)) ifZ,=juL

Y

Happens if we cascade two SF, Rout (inductive) of the first stage will be Zs of the
second stage, givirigre Rout of the second stage. Used in RF oscillator designs
inductor placed in the gate of the MOS to AC ground to ciieaggesistance

SRR
N\ inductive -ve
resistance

SF are used as output buffers, due to their low output resistance, and small
I nput Qapacitance, also SF wono6ét have much
response of the amplifier that they buffer |

A. Heélmy; PhD



CS with source degeneration resistor

I,V VDD

A, < Vout = _d ot Gm'Rout T

Vi, Voo

n n

q M2
Vin = VgS + VS ] Vout
Vin ‘ RL

I d =g mlvgs -9 mblvs Ml <

V.= id.-F\’S iR“ i

G:Id— gml |

m 7 N
Vin 1+ (gml + gmbl)Rs
Y r // _1 Ilr. [/ 0 _1 — M1 o/p resistance is gm1*Rs larger than its rol, similar to the cascode actio
Rout O ole 02 RL \ '
m2 gm2
= G an T gml 1 ; .
A\, - mRout = ( /) . Rs decreased the gain and increased Rout of M1
| 149 + 9 JRs Oz
X
1) \What will be the gain if M2 is a current source load, not diode connected
2) What wil. be the gain if M2 is a current source | oad wif

infinity. Comment on the results.

A. Heélmy; PhD



Differential vs. single ended

1) Cmrr
2) Psrr

3) \Woltage swing (vout=\/y)=2(VddVds,sat)

4) Cons, possible area increase, but it is worth it

5) Noisy diff, has an impact that cancels out on SE

Zsg
o i L’F
¢

Lrl!nl&l

{H.I! =
4
hrlﬂ".ﬂ
T \

A. Heélmy; PhD

Clock Line
L2

Il
K

—“;IM, / Ly

Signal Line
-‘- Line-to-Line
Capacitance

(a)

Ny
U1

14

Fdurbob W Hfer by v
—— Vop oo
-=|-' RD RD HDE
—2 Vot X ¥y ¥y o—17
M, —[. M, My

Why differential?

A Noise immunity {CMRR/PSRR}
A Larger output swing (Vx-VYy)

A Simpler biasing

A Higher linearity (remove even harmonics)

A Cons : area increase A worth it?




1) why do we use tail bias current, not to impact Ve S

output CM dependence on input common mode. Voo —2! ot
2) Vdd, Vdd-iss*RD, indep on i/p cm V...:::,,
3) Max linearity at vinl =vin2
4) The hiéher the i/p CM the lower the o/p swing, - : < Voua

lowi/p CM is desirable
5) Vin CM max and diff gain trade off

Voo Tor o2 Ve Voutt* Vouz
- vV,
=Rpy RpeF / |_/ W_LVDO'%‘SRD
Vour fd L Vourz iz Vincu " Vi Vincu Vi Vincu
@ Voo My Mp b Viez
lav|
R =Vt+Vdd-0.5*
v, . : H
t - " Vry 2 Va Vin.cu
i A Tail current xtor triodes i/p xtor triodes
sor V1=-vss+Vcs+vt+vov v,
t t 0o
(b) RD RD
N\,
X, [—I IJ
\
A Heolmv. PhD = /8

A. Helmy; PhD



Large Signal Operation

A Diff IN
A Diff Out

—i[ 0 0. |—o AV =Vey+Vigl2

é re o o or AV ,=Voy-Vigl2
L ®: e A\Vid:?

AVCM="?

A. Heélmy; PhD



Common mode Bias (Same |I/P to both sides)

Voo I
I ! P _k (VGS Vt)
%3 $r 2 2L
VD1:'7 D D |
Vi //\o—oy/ 2 1/2\$—0 tp = Vpp ’/\ |_ 1k W 2
OV
o ) 2 2 "L
l_’(.l L:‘_l_—
A vI1/2  1/2y Vi .
| - + —
o () o Ly Vo =4Ik W/L)
=y
— ¢ Vie= V. + Ve
! v [l M
CP VAL VCMmax ="
Y, VCMmin =7

A. Heélmy; PhD



Differential Input Signalv,, =/1/k (W/L)

A Vie=Ves1-Ves2

V.

id max

=vg4a+vVs

A A A Ifiy=l: Q, off
R/); an A Vs=-Vt
A 1=1/2 KWIL (vgsl-vt)*2
O : { Ql Q.’ | ‘ > —_—
¢ s A v =2y,

Y Vid max = \/EVOV
L \/Evo Cvy ¢ \/EVOVCM

VCM
A. Heélmy; PhD



Impact of Overdrive

e
|
!

\

A}

VOV =02V
VOV =03V

Voy =04V

. ~500 —400 —300 —200 —100 O 100
\—Iighv

How to get high 'V ?

-> High Linearity

ov

ov

N
\

A. Hélmy; PhDhD

200

300 400 500 v (mV)




Common mode rejection ratio CMRR

An imp aspect of the diff amplifier is its ability to reject

common signal applied to both inputs. Often, in analog
systems noise is coupled as common mode (due to its
random nature) and it is desirable to reject this noise

Both id1 and id2 flow opposite to each other, if Rbthey
should cancel each other, CMRR, f o r ERiowilli
modulate Vx node

V, =Vygo t 21,R

Vv, =+ 2R, :idai+2R)8o 14 2R,
Om CYIm il
\%ut:"%'———':'*d‘_%_
O3 Oina
e e R S
Vc gm3,4|d 2Ro ng3,4R)
CMEQR: 20.log %‘ =20. Iog[gml,Z(roz I ro4)'29m3,4R0]

VD

==

M 5’J T \‘11\1—1
b‘. Vout
I.ﬁ‘l'\ | M2
e
Common noise VX

2

S
S
S

Capacitance on the
«<——— sources dominates
at higher frequencies.

Very imp to
keep this C low

CMRR=20log(Ad/Ac)
-20dB |

-70dB

~MHz

The higher the tail current source resistance, the lower the common mode gdint getpood for opamps. As
common mode frequency increases, Co becomes dominant. Cascoding helps?

N
\

A. Heélmy; PhD



How about high frequency noise?
Consider the same two stage amp:

At low frequencies mostly bias and asymmetries cause PSRR. At
frequencies, output stage dominates

Low imp at high
freq

A. Heélmy; PhD

VDD + vd

M7
10072 MST
. i)
qvout=vd+qvgs %
Assuming | is f\ixed
qa/outévd, i .e Ap=1

As open loop gainfreduces, assuming Ap=1,
PSRR reduces to 0dB at high frequency

Voutr



To o Do Po Do I»

Draw back of telescopic cascode amplifiers

IIIE.I:r
“1|':||“4||:|“a
X
s Jh—E m,
= Vour
= M, H;I
v,,Z_| My M, I—]
Th) L)
Limited output swing

I Single ended worse than diff for 2 reasn2z v
(se vs. diff, diode connected vs./curreni EI oo

My JH—AE M,

mirror)
Mirror pole in single ended node

Cannot be used as a unity gain buffer due t
limited swing and high delta in i/p vs. o/p C}

Vout<vx+vth2 and vout>wyth4
Since vx=vbvgs4
Vb-vth4<vout<vbvgs4+vth2
Vmaxvmin = vth4(vgs4vth2)

vh- I||II'|'HI

Vase = Vinz




Folded cascode amplifier

To overcome the drawbacks of telescopic cascode (limited o/p
swing, and difficulty in implementing unity gain buffers)

I/p device is replaced by the opposite type witlsbatking

Very versatilesingle stage amplifierSince it is single stage, it
requires only output compensation, no CC and hence good PSR
(supply and gnd noise shielded by the cascode)

(a)i/p CM cannot exceed vbigs3+vthl or M1 will triode

(b)i/p CM cannot be less than Wyfs3vthl, thus we can short i/p
and o/p with no swing limitation

Refr es hi ngg aétceoomnaonnd
Otransi mpedanced6 topol ogi

Yoo - Voo
Il| é) (‘1‘) ;E {:_::I F1d‘) @ fg-
¥)lss |
$ts Wiy 9 s Wiy O
Vi = =|.I: II.: M | M Vi =4 |
M M M M
3 4 IZ::} l.-’,n"'_l HI"‘ 3 4
=

fj’? Iss Extra current consume"sﬁ’?ﬂ%) C'J"j 'ss2

= more power
i) i)




Folded cascode

Vout min = vod3+vod5

Vout max= vde(lvod7+vod9)

p-p swing is vdd(vod3+vod5+vod7+vod9)

Telescopic cascode was less by the overdrive of the tail currer

transistor

But M5 and M6 will carry high current and their over drive will |
higher if their cap contributions at nodes X and Y is to be
minimized, thus swing of folded cascodslightly > telescopic

- Voo
Veas—{[* M,
Ve ‘—||: M-
$— Vi
Visi '—||: My

X

T~

l'Illn D_I

M,

-_"":- Tos || Fon

Zros||fon

"
Mg
L L | = ||:
M; Mg
Vi —f——
lee —o V00—
M, M Vi » ltM A-I'II:
3 4
Fin:“" |“]
+ X ¥
Vel |
LMy g ]

/

7Av:Gm Rout,
Gm =gml since iout is 11 and 1/gm3<<rol||ro5
Rop=gm7ro7/ro9
Rout=Rop||gm3ro3(rol||ro5)
Av=gm1{gm7ro7ro9|| gm3ro3(rol||ro5)}

rol is in || with ro5 hence

Av folded < Av telescopic by3X

om



Pole at folding point is more dominant than the
corresponding pole of the telescopic cascode. (note
that M5 is a large device carrying high curre
Folded cascode is a bit slower than telescop
cascode when unloaded with Cl. When loaded with

Cl the dominant pole that limits the BW is that of the
output node.

NMOS i/p with PMOS cascode will have higher gait
than a PMOS i/p with NMOS cascode because of
higher mobility of NMOS (higher gm) but this comesg
at the expense of lower BW (why?) because mirror
pole of node X and Y is lower than the PMOS i/p with
NMOS cascode case due to higher R and C of node
X&Y (low gm3 higher 1/gm3, and bigger M5 high C
(wider to carry the same current as its NMOS
counterpart due to its low mobility)

—

SE o/p cascode.

Lower BW due to lower mirror pole at X
much higher C than fully differential case

Half the swing of the fully differential




Folded cascode
with cascode load

Folded cascode
with single load,
better swing, but
lower gain

Folding must h
l.e this

ascode to fold to, OTA, telescopic cascode, folded
ust be a cascode cascode are all suitable for driving C

loads but not R load, we need an o/p
buffer




Critical Specifications For Amplifiers

Distortion:
Small signal (AC) analysis assumes signal swings (voltages and currents) are much smaller than DC operating pc

When signal swings increase to a point where voltage swings at®+all, small signal assumption may not hold

true.
Consider a common source amplifier;

More current Id means more
Av=gni.(rd||ro2) linear performance. Power vs. .
_ linearity trade off L
J2K W/ L).(Id+ ) - \| nias L ot
= Can we check for distortion
gdd + gd using ac analysis in spectre?

_ 2k W /L).(1d+1) \J\ — 'x
~2.(/n+ /p)(Id +)

_ J2k'.(W/L)
2.(/n+ Ip)/(1d )

If Id and i are comparable,

(1d +i)
component becomes highly non linear. Distortion is characterized
by voltage gain becoming a function of input signal Vi or i

When gain decreases, distortion increases,
distortion increases with freq because gain drogs
with frequency

Slope=gain




Frequency Domain Characterization Of Distortion
Apply a spectrally pure sine way to the input.

Vin(t) =Vpsin(2p .f t)

The amplifier will generate a series of tones due to tk)/(; term.

Vout(f) = d.Vpsin(p ft) +a2.Vpsin(2.2o ft) a3Vp.sin(3.2oft ) +... aAVpnE .
aiVp.sin(i.2o ft) is the ith harmonic of the input.
alVp.sin(g ft) is the fundamental of the input.

The nth term harmonic distortion is given by HDn=an/al, for n>1

—— . o/p buffers, amps used to drive a large load
Total harmonic distortion is: THD :\/a2 T8 . -8, capacitance or low resistance, are examples of amps
& where low THD is imp. If the o/p amp is biased such
that DC is >> time varying, too much power is lost. F—
A rgxaqwenca,dﬂmm\: Bias & time varying, fb i
Pove , reducing gain and linearizing the amp
) T T”":"
a owhwl+ f‘\(ﬂ*“g‘

BRI



Gain Enhanced (Gain boosted Amps)
Regulated Drain Mirrors Revisited (Chap 20)
Remember the wide swing cascade.

Now let us stabilize the drains of current sources witaops.

wp 7DD
Iy I
‘\'lﬂ/' \‘D

Added amplifier to increase output resistance.

[ 2
MWS H—L _ -Em

Added device

VDD
T

Beta-multiplier
from Fig. 20.22

'\ he
ot J Amp stabilizes vdg
Ml ‘ M2 enhancing ro,
g % increasing gain

Figure 20.40 Regulating the drain of M2 using an amplifier.

V$;q = -"{: b 'fo.@‘-tl)

e
_t’\vl} t-lo

°

= 200t G o2 (Al %gm&j) Fo

A= Vs A
uC.Mw
£t sd‘cgdm

{Table 9.2)
w Ia —Io
B S S USSP ———
10.0 foeenem -3
Y S S SR N Unlabeled NMOS are 50/2.
f : : : : Unlabeled PMOS are 100/2.
0.0 I
a.0 0.2 0.4 1] Q.8 in
vanp v },O

Figure 20.38 Wide-swing cascode current source in the short-channel process (good).
Notice the drain-to-source voltages of M1 and M2 are the same.

: iT
—A-ir-r, <«

("U\J vr
S

\[2 “ i
- >

Vgs’ = J

Gain of the amplifier A, multiplies
the cascade Rout.




VDD VDD VDD Added device

A simple implementation is to use a CS amp for the amplif _ T

Beta-multiplier
from Fig. 20.22

(Table 9.2)
o T : <
V i i : w Ig —Io
. [ bjalgp _ | 1 ~ : F—
Beta-multiplier O S Ci L . Io
from Fig. 20.22 1 i < -
(Table9.2) | M5 i MA3 | MA4: L L Unlabeled NMOS are 50/2.
: ! l./ | \". V I Unlabeled PMOS ase 100/2
* i i /"0
M3 . ! ‘ M4 J7 Vo
| : Figure 20.38 \‘E-'id_e—swing cascode current source in the short-channel process (goad).
1 l Notice the drain-to-source voltages of M1 and M2 are the same.
i ‘ BIAI 1\-'1..%3 : :+ .
M1 ‘ i i ‘ M2
— Ry
# Jo o | ! -
150 e - | , A N A B A
VDD VDD
NMOS are 50/2. R 0
— PMOS are 100/2 v
. : Added amplifier to increase output resistance.
Voutmin=Vdssat+vgs / ,
o
/ <
: MWS ‘ }‘L | [1\,13 /
i 1. / L
0.oo 0.20 sm:e.:u n.snv 0.e0 oo VO %7 y/ Ctj' Vo
Figure 20.42 Using amplifiers to regulate the drain potentials in a current mirror. TV [ M4
Ml | I ‘ M2

A=gm.ro/2 v >

Figure 20.40 Regulating the drain of M2 using an amplifier.

Rout=gm.ro/2*gm.ré

Rout=gn?.ro%/2 Enhancing the gain of a single stage and increasind its
rout make it more stable, pole more dominant, bw of
the inserted amp > f3db of the main amp, cl>> cjun




Slew Rate Limiting In Amplifiers

Slew rate is a filarge signal o problem. 11t
Consider a CS stage. When input transitions from high to low, the fastest rate output which
makes a low to high transition is the slew rate.

b I
| \ \I v /—' I CL.dVGMI
Vin dt
e TCL dVout _SR- 1

dt C,

This isnota step response, where input is a small step. This is a large signal step input.

VDD LIDQ
III Iss
o SR
| N, / M1 off M2 og g : dVout [ S5
{ M1 on Mloff—‘L Cr d B C
< ! L

S

asSSsSocC

I
V)is
h e

Y/

J/ Indep on i/p step size




OUt

=V, (1 e—t/r) e .
dV V. w L .\ . f
t

e o
dt -
1 C
t a—a—-
fon O
Note that the output slope is time 7
dependent and that it is proportional to I/Exponemial

input step value Vo, unlike SR which is
an output slope that is independent on
the input step value, rather it depends
on Iss and CL.

Linear settlingUis related to the small
signal (linear) BW of the amp

On the other hand SR is a non linear
phenomena hence it causes distortion

§
\W

I.H

A LA N

n *
~n

L)

Linear settling time limited due to
small value of the input step. Note
that diff pair is in saturation



SR limited due to large value of
the input step, note that diff pair is
in (triode M1, and off M2) till vout
increases by slewing and Vx rises
opening M2 and entering in the
linear setting zone where the slopg
is limited by settling timé& "~

St line slope
slewing

/

Example i/p sin wave to an amp with
gain A SR must be > A.\\¥o else
distortion will occur



Differential amplifiers

. .

Diff output
SE output ?7?7?

CMFB (covered only
In eee523)

Active load



Setting DC bias: Diode connection vs. current source transistors

_%. l!REF fp I VDD w dop — 1w
> (_:- REF —|_ 5.0 M R e
l s Frias) i :
-— ] _{:}|\ 30/2
| |
M1 ||-e - .
M1 | = = —d| 0
Vb
I
| I;
v = qu b -'irou — lm
v an 5.0 T s e s :
lfou O O s : : : ;
Vbr'a:] [ . 150
A 10/2 |
] ] 1m0 /,' ......................................................
Vi - 5 ............. .............
Vb I 1072 " ::n z:n 3:u 4:0 s:n
Q? o ' Fon

No guarantee that pmos current = nmos current, {o
satisfy KCL one of the branches will triode and Vout

v

CM will be either very close to VDD or gnd. This i
I'GS called a CM drift, has nothing to do with differentigl
VDS drift fAoffseto which]i
asymmetrical diff branches, while CM drift is due {o
PMOS/NMOS mismtach in one branch during C
(i/p shorted) operation

A J




Setting DC bias: Diode connection vs. current source transistors

If 13,4 in sat > Iss/2, M3,4 will triode so that their current Delta current must flow in rop and ron,
falls to Iss/2 and satisfy KCL, VX, VW goes to near Vdd creating a voltage error =

If 13,4 in sat < Iss/2 , both VX, W will drop and M5 triodeglp-In)(rop//ron) very high due to current

to produce only 2*13,4 to satisfy KCL sourece configuration causing transistors

to triode and o/p CM to be either vdd or
gnd

In high gain amplifiers (no diode connected loads), o/p CM level is sensitive to device properties and mismatc
cano6t be stabilized by means of differential feed
CM and ensure proper amp operation.

[®]




Benefits of diff output vs. SE output

1)
2)
3)
4)
5)
6)

Better CMRR (common mode noise canceled
Better PSRR

Voltage swing 2X SE, may be higher than Vvd
Even harmonic distortion canceled

No mirror pole, higher closed loop speed

Matching is more critical in diff o/p opamps

Diff output amps are fully symmetric if compared to SE
output amps where one of the branches has diod
connected transistors that set the o/p DC CM voltage.
In previous lectures we discussed fully differentia
telescopic cascodes, fully differential folded cascodes.
Down side of diff o/p amps is that due to using current
source and sink transistors, DC level is hard to set. (i/p
CM is set by i/p sources, while o/p CM needs CMHAB
circuit, no global fb can help. While in SE amps, global
fb is used to set the o/p CM level.

(matching to lower the offset and matching to
equate o/p CM), while in SE only matching to
lower offset is needed.

R2

_ R1
Vin

Vcm

|ldeal opamp A=inf

Non-i deal opamp A

How is Vcm copied to the output




Gain at diode
connected node (only
in SE case) is v.low,

no signal swing, we
only use the current, e & f
but in fully diff, this | Vep

signal has full gain,

If it were SE

can be used to allowNiorm 4 Ve
a class AB operation Ve ; O r— .
(next slide) — l Fixed bias
Fixed bias o class ACS
classACS 4 ‘ v o/p stage
o/p stage d
|
|

At DC Vp=Vm, a SE diode connected copy Vsg to set the o/p CM, in a diff amp this is not controlls
CM definition

At zero diff i/p, o/p CM should be equal (i.e Vop, cm=Vom, cm) if not this is considered a diff outpu
mismatch that will cause an offset, this can be fixed by an i/p referred offset.

How is Vcm copied to the output (Vgs1=Vgs2) at DC




Introduction to Fully Differential OpAmps

(A :Vop -

In fully differential circuits, both input and output are differential.

OCommmmd e 6

V., = AbL.(vp - vm)

Vem=VDD/2 or any convenient DC level.

owever,-mbdedmengnal s

tracked. The

feedbacko

Where should VCMFB go?
l.e. what should it be
controlling ? Ans. A node
that does not have an ac
signal, so as not to interfere
with the VCMFB error
signal. Can control tail
current sink or top current
source

(CMFB) ci

MeL
]

1 om—

MTL

]

vy

t hnaotle a c hi

signals is the
need
circuits
rcuits.

¥}
i

v [t

Vocm desired L

]
H

I asp
MIL JDB—UH_ M2R

- __.-—I

v ML MIR T,
— %
L I'rbia_:n
M3L - | M3R
=7 PMOS are 20/1

aver a(j"”e_o_f

NMOS are 10/1

q npwt/output S

o v o

1Ip L
be controll ed d ac
eve this are cakNl] ed

Class AB o/p stage

—




VDD VDD

T VDD VDD
) MzLL‘ b Vbiasp qFZR 20 },L(—Ii ]b Vbiasp #[ lzo W

—

Output ¢
100/1 L 100 1

— V 1S
H MIL MIR }7 —(4 200/1 ?J—_b g
Input Input + +

> Vf 'MEB
M3 L]‘ Vewrs|| \3R
| .
< <

If Vocm increase, middle pmos tends to shut off, its current decrease, diode
connected current decrease, mirror current M1 decrease, VCMFB increase, tall
curent M3L,R increase, bringing Vocm down (CMFB)

Output

4t



A cmfb network must be added to sense the cm level of the two diff outputs and accordingly adjust one af the
currents in the amp

CM Level
Sense
Circult

2 Voutcm

Sf buffers to avoid loading but Wasted swing due Avoid current starving of M7.8 (11,2 R1,2 must be
to CM sensing large)



Vour.cm

S B
T ' ﬁf"'" v
Lk L'n, REF

Loop gain if high will equate vout, cm to vref

u“:’::= ifw

| r m

H M‘ "2 FI thc“ votl‘: AL l W =vm

Vin .

| -P >_<]'J‘ eong ff]: 'l}w
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Voo
My, M,
1 |
) w w
] L L
I_—XH Vwc ‘V

/’\_,/—\

CMFB loop stability

41:“}’1 M, Fl"
\\; VCNI sehse
)
|

N
=
=
(V]
-
"
o
/J\
'+ +

VCM desired

gm5.ro3.A=loop gain

VCMFB=loop gain * (VCM sensed i VCM desired)

2 amps in a fb loop, stability 2 amps + stabilizing the CMFB loop is v.imp



Simulation and Test Benches
Quality Guide Lines



Purpose of this presentation

A Setting common guide lines to building accurate
test benches that ensures good Silicon to
Simulation correlation
fa2 KO akKz2dzZ R L I OO2dzyu

0 SYOKE

A This is not project specific.

A This is based on many projects and Si debug to
reproduce Si behavior in simulation.

Al ff 59Q0Qa | NB KAIKfE NI
guide lines and show In their design reviews hov
theseguide linesare being followed, and
document the validation needed to meet them.




Introduction

A Siis not forgiving, i.e. do not expect things to work on the
2y s OKIFyOSa | NBT i, ftwiBbbdedz |
broken.

A Our processs even more unforgiving vs. any other foundr
due to our design rules and yield requirements.

I These are present to reduce the wafer cost and increase our
profit margins.

A 14nm will even be more and more unforgiving
A Even if your design works this does not mean you
succeeded!!

I Tens/hundreds of millions of units of your design must work a
meet all specs to be successful.

A The parts outside our yield envelope is equal to the parts
shipped by other companies.

http:// www.youtube.com/watch?v=9810A BZ42Q
I Our analog designers are not as your analog designers, w¢ Are



http://www.youtube.com/watch?v=981OA_BZ42Q
http://www.youtube.com/watch?v=981OA_BZ42Q
http://www.youtube.com/watch?v=981OA_BZ42Q

Pre lay schematic simulation

A Test benches must include

I DUT(design under test, the block that you are designing)..obvialisl)

I Parasiticsof critical nets inside your DUT
A Internal nets to the design

A Parastic®f 1/0 pins of the DUT (since they will have relatively long routes

A Parasiticof High Speed nets
A Parasiticsof high current nets
A Parasiticsof bias nets

N

F 3a20AF0SR gA0K KAIK LI NF¥aAdAO N

A The above nets will need lots of metal tracks to pass RV and hence it wH%
PC

to test benches in the pray phase to avoid unpleasant surprises at the
phase.

A Many tools are available to estimate these net parasitic.

Paresttthe follwoing

I
i Short CDC methodology and calculator
I RCcal

i
[
[

Upf data for sheet rho

" A rough rule of thumb is 0.2fF/um for the cap of a route (back of the envelope)
- Ftrc

» Make sure to includeALLthe info in the ftrc GUI, mainlyspr. spl. MCF, elsdtrc

will be too optumistic.




Pre lay schematic simulation

| Loadingto your DUT

A Block loading your DUT must be in your test bench

Ainclude the estimategbarasiticsof the load cap and res of the
loading block input stage and second stage (to account for Mille
cap).

I 1.e.A Ifadivider (DUT) is driving a cml buffer (load), put the load axc
its input estimated cap and res as the load to your DUT, put also th
output Cloadof the cml buffer to account for Miller cap effect.

I Interfacespec

A Do not assumeyour input signal, talk to the DE of the block
driving you, agree on a spagpcument it in a ticketput safety
margins to it, use the WC spec as your input across PVT.

A Or better and when availablénclude the driving block of your
DUT to your TB to get the input signal values as it varies acros:

PVT, hence you will not use a constant WC single value acrogs
PVTs

A Include the estimated res and cap to the output signal of the
block driving your DUT




Pre lay schematic simulation

i Overlap blocks in your test benches when you hand ovg

specs across interfaces or when you break big designg1

stages (due to large simulation time)
A See next slide for explanation

I Blas

A Use bias spec with its migp-max, add to it its 5 sigma number

A Always include the bias random variation in your bias values

A Or when availablenclude the bias block in your TB to get its
value across PVT

A Include the bias in your Monte Carlo runs

ANever use ideal current sources for production checks, these
give fake EOS violations (an ideal current source into an off
transistor, can give 1k Volt !!!)

I Why would I put a current source into an OFF transistor to start Ayith

s

| am smarter than that

I Well to check your DUT when it is ON and when it is OFF, and the
block and your DUT can be enabled and disabled independently, |
leave no stone unturned

Cc




Pre lay schematic simulation

I Supply noise
ADo not assume clean supptys not, apply supply noise
(amplitude and frequency ranges to your VCC)

AUse min and max VCC, add to it supply noise, (30mV p2p
1MHz to 200MHZz)

ANote thatVCCmins 0.94V and/CCmais 1.1V (do not let
noise take your VCC below the min adove the max)

I CM noise
ADo not assume clean CM, add CM noise and check your |
sensitivity to it.
I Duty Cycle variation.
ADo not assume a perfect clock coming to you

AApply Duty Cycle error, rise/fall time to your input clocks,
account for DC random variation up to 5 sigma




PVT

A Account for MEC and CPR variation with the corners list
A Meet performance at

tttt
ISSS
rfff
rsfs
rfsf
rssf
rffs

All the above blended with
A Min - Max Temp-40C and 110C
A Min-Max Vcc 0.94V and 1.1V




Sensitivity

A Know your design weak points

I Sensitivity to bias current and/or voltage on both hi
and low ends of the bias values, load, routing

Sensitivity to I/p swing, i/p CM, CM/supply noise, d

cycle
Sensitivity tdreq (your BW)
Sensitivity tovt, Idsat rout

If you want to check yow't sensitivity betweernsss
andssssusersssand add a voltage source to incregse

your Vtacross your GS junction.
FTRC, TL

You should be able to say this in your sleep

Aaeé 2/ O2NYSNJ Aa
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Monte Carlo

A rsss minV cold, corresponding bias,
corresponding stimulus, make sure your spec
IS met with 5 sigma. For example
I Mean gain at rsss minV cold is 500V/V
I Sigmais 15
I Spec should be greater than 5€15
I Gain spec Is > 425V/V

A Repeat the above at yoMWC corner if rsss
minv cold Is not your WC cornetr.




POST lay

A POLO simulation
I Previous slides still applids big time
I POLO for the DUT/BIAS/LOAD/driving block
I Overlap

I Make sure the parasitics are loaded into the
simulator, not dropped, stitched (if applicable) and
Intact




Overlap Need to get the I/p and o/p specs of
the 1Q for example

T

Lumped
Cml buf TL cap as TL
load




Overlap Need to get the I/p and o/p specs of
the PI for example

T

Overlap Need to get the I/p and o/p specs of
the TX Input stage for example

IR

TX Cml2cmos

DTLE




VCO Qutline

ALC-VCO Quick Overview
A Basic Concepts and tradeoffs
A Architecture Options

A Practical Considerations in 65nm and
beyond
I Deep Submicron Challenges
I Inductor Design
I Varactor Design
I Oscillator design
I Sample Data and what to look for.



LC-VCO Quick Overview

X(s) i H(s) =Y (s) Y(5) H(s)
i X(s) 1-— H(s)

A Oscillators are +ve feedback systems with WA S ey [
I Loop gain=1 ( at sustainable oscillations) *T
I Total phase shift around the feedback loop =0 . o L

A LC is used in the loop to stabilize the oscillation ~ Freauency seiective

Network

I Sharp band pass filter to select o/p freq and ensure low PN + sine o/p
A Frequency of oscillation is set by the tank resonance freq
A Loop gain should be > 1 to start oscillation (amplify noise)

A As amp increases, loop gain decreases, maintaining steady
oscillation
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Active | _ | [ | Resonator

Circuit




Required Condition of Oscillation

Loop gain= G,R,>1  Q>>Q, ™\ Vor
, -G g ©
Q:@ } — ;
X7 >GmR-(1+0%) >1 cql
Rp=R-(1+C) [l]Rpl[th] R

A Rp is the effective parallel resistance of the tank v
A Q is the loaded quality factor of the tank URp

A Loop gain UGm

ALoop gain UQ

A Worst case is low Q ind + low Q tank (all Cbank switched in the
design Al11110 | owest freq of o0sc)

AWor st case Is | owest Gm at NSSSSO
n11110 for the sel bits.

A Lowest amplitude of oscillation, must check for these conditions




Basic Concepts

A High Q of the tank is needed (ind Q) for

I high loop gain,
I low PN (sharper resonance has low PN skirt),

I high swing for a certain bias current + Low power
dissipation.

ARp ~ Q, Vswing ~ 1.Q, higher Q yields lower | for same
Vswing, hence lower power

I Active device noise injection decreases
ALower | implies lower active device noise

A Low freq noise (1/f) on vtune impacts PN,
tradeoff between Kv (tuning) and PN is
needed, more on this later




Deep Submicron trends

A As technology feature size is reduced,

I the doping concentration of the diffused regions is
Increased to avoid total pinch off effect.

I Higher doping concentration leads to higher depletion
capacitance

I therefore lower supply is needed to avoid junction break
down

A Supply voltage scales down,
I Voltage swing decreases,
I higher relative PN,
I rev bias of the varact is less,
I limit tuning range, specially at high freq, as Cpex is high,
varac can change only a small frac of the tank C
A Low KVco is better for PN worse for tuning range.

A Coarse tuning is needed using digitally controlled
Cbank to cover frequencies needed.



Voltage Controlled Oscillator (VCO)
1
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A Implementa-tion Issues : F(Viune ) =5 — 1
27'5,\1- ' (Cp + CV (VTune ))

I Phase noise
I Tuning range
I Gain (K,) variation over operating range of (V.

Tune )
dV.
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VCO Design Tradeoffs

max
bank
elect bits

VCO Freq.

min

Tuning Voltage Tuning Voltage
Typical VCO Coarse-Tune VCO
A No tuning required A low phase noise

A high phase noise ACurve selectio



Voltage Controlled Oscillator (VCO)



