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Introduction 
Å Designing analog circuits on deep sub-micron process technologies (32, 

22, 14, 10, 7, 5 nm) has its own set of challenges.  

 

Å 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.  

 

Å 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.  

 

Å 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 ? 
ÅStudied analog design in collage 

ÅGot a degree in analog design, BSC, MSC, PHD 

ÅTaught analog design at the university 

ÅSat among people discussing analog design 

ÅTalked about analog design 

ÅWorked in an analog design company 

ÅDesigned many analog design circuits 

ÅLaid out many analog design circuit 

ÅTaped out many analog designs 

ÅSat in the lab to measure and debug analog designs 

ÅTold his family that he is a designer 

ÅPosted on his FB page that he is a designer 

 

Who is a brain surgeon?  
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Qualities of an Analog Designer 

ÅNever say this is what the simulator gave  

ÅMeticulous  

ÅPessimistic 

ïAlways consider worst cases. 

ÅMiser (area and power)  

ÅSays this in his/her sleep 

ïVariation 

ïRandom, Systematic, bias, PVT 
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Analog Designer which one? J 
Å 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 

might include the speakerôs tone of voice, facial expression, gestures, postureðand even 

the personôs family history and status. High-context communication tends to be more 

indirect and more formal.  Flowery language, humility, and elaborate apologies are typical. 

 

Å 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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Technology Trend 
ü From Sand to Si  

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

ü Area Ą form factor, mobility, hand held  

ü Power Ą cost of electric bill, battery life  

ü Speed, speed, speed  

ü Capacity  

ü User experience Ą apple  

ü Wave length  

ü ROI/wafer cost  

ü Idsat (Speed), Cox, gate oxide thickness, Supply voltage, 
threshold voltage, leakage  

As technology feature size is reduced,  
the doping 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  

http://www.youtube.com/watch?v=Q5paWn7bFg4&feature=related
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Technology Trend 
ü Si development is still 
obeying Mooreôs law 

 

ü # of xtors/area on an IC 
doubles every 2 years  

 

ü If Moore's Law were 
applicable to the airline 
industry, a flight from 
New York  to Paris  in 
1978  that cost $900  and 
took 7 hours, would now 
cost about $0.1  and take 
~ 2 seconds.  

http://en.wikipedia.org/wiki/New_York
http://en.wikipedia.org/wiki/Paris
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The MOS 
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3D Transistors, why? What does it mean 

to consumers 22nm and beyond 
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Back to Basics 

What can you change as a 
designer?  

W (yes), L (?)  
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Channel Inversion 
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Channel Resistance 

What is V th ? 

Vgs> V th  for channel to be inverted.  
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High Vds 

As V ds goes up, what happens to V gd? 

What happens to the channel resistance?  
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Impact of High Vds and Pinch-off 
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NMOS I-V C/C 
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iD ï vGS Relation 
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Output Resistance 

Gate Length impact?  

Channel Length Modulation -Effect  

Take a mental picture 
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Model with finite O/P Resistance 
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DSGSTHNGSDS VVVVV =-> &)(

1/gm 
ro 

THNV->0

Always true, always in sat if I > 0 

IDS=gm VGS=gm VDS 

VDS/IDS=1/gm 

1/gm ||1/gmb ||ro 

Design Practices for Device Sizing and Biasing: 

 

For analog design, we use L of at least 2x minimum gate length 

(from 2x to 5x). This is required for good output resistance 

(gain) and matching (ȹVTHN Ŭ Area-1). Trade off between speed 

and gain. (gain Ŭ ro), (L Ŭ ro) 

 

For VDS, SAT the common practice is to choose around 5-10 % of 

VDD. For a 2.5V design, VDS, SAT  ~ 125mV gate overdrive 

å 1/gm  

Vdd 
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3. What happens to device parameters with temperature? 
 

The parameters that change with temperature are threshold voltage and mobility 
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4. Current Mirrors in CMOS Processes and Mismatch Mechanisms 
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Mismatch Mechanisms in Current Mirrors: 

1- VTHN  mismatch 
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Biasing Current Mirrors  

 

Goal: Want a reference current that is independent on supply voltage and ground noise. 
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Next we will study the supply independent biasing and R connected to the source side of 

the current mirror instead of the drain side 

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 

Using a MOSFET-only reference circuit 
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channel ɚ=0 
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(a) Donôt know the value of the mirrored current 

because VGS2, VGS5 are not obviously related 

(b) M1 and M5 are mirrors, but how to force the same 

current in M1 and M2 

(c) Addition of a PMOS current mirror to force 

same IREF in M1 and M2 

RIVV REFGSGS .21 +=

VGS1 must be > VGS2, so we make (W/L)2 > (W/L)1 so that the 

same current IREF can pass at a lower VGS2 
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29/14 

The amplifier tries to equate  

making it independent of  

Typical implementation of regulation op-amp 

DDV

biasnreg VV  and 

M4 is not diode connected any more so its drain voltage 

can follow M3 drain voltage. 

If Vreg is high, Vbiasp is high and I in M4 goes down 

and hence lowering Vreg, also M3 current goes low and 

Vbiasn goes low to follow Vreg 
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Cascoding current mirror 

Å Vds variation is the biggest cause of current mismatch 

Å To have a constant current Vds must be constant, but this will force a constant Vo 

Å If we increase the output resistance this will make the current more constant with VDS 

specially in short channel process nodes, solution is (cascoding) but headroom??!! 

THNGSSATDS VVV -=, ( )THNSATDSGS VVV += ,22

THNSATDSGS VVV += ,

THNSATDS VV +,2Vo,min is M4 drain voltage 

below which M4,M2 triodes 

This is not the minimum Vo 

that can be achieved because 

(absolute min happens when 

there is 1*VDS,SAT on each of 

M2 and M4, i.e 2 VDS,SAT 

Notice how cascode eats from 

your voltage span ñheadroomò 

I.Q 
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Lets check the cascode output ss resistance 
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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??!! 

Need a wide swing cascode 

For small signal put all DC 

gate voltages =0 

Assume ro2=ro4 
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Wide swing cascode current mirror 
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Wide swing cascode current mirror 
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34/14 

However, transistors M1 and M2 still do not have a perfectly matched 
DSV

M1 ñseesò M5b on its drain, M2 ñseesò M4 source. A better design practice is to match the rail  devices better. 

VDS,SAT 

2VDS,SAT 
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How fast a MOS is? transition frequency fT 
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A Figure of merit (FOM) for comparing processes: 

Used to compare transistors with different (W/L)sñthe gain-fT (GFT) productò 
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This shows that the DC gain of a MOSFET decreases with ID while speed increases with ID 

Transistor self DC gain 

For high fT, use min L and high VDS,SAT 

But low L has low ro and low gain thus GBW å const,  

Also at large VDS,SAT  the MOS triodes 

early hence produces low swing 

fTn>fTp as ɛn> ɛp 
I.Q 
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 6 sigma Understanding Variation 

If  everything were predictable, human beings, who have pretty good brains, will  

undoubtedly learn to predict everything,  

Ą and they will  thereupon have no motive to do anything at all,  

 

because they will  recognize that the future is totally determined and cannot be 

influenced by any human action. 

 

On the other hand, if  everything were unpredictable,  

 

they will  gradually discover that there is no rational basis for any decision 

whatsoever and, as in the first case, they will  thereupon have no motive to do 

anything at all.   

 

Neither scheme would make sense. The world is a mixture of the two.  

 

Some things are predictable and others be unpredictable.  

 

They will  then, amongst many other things, have the very important task of 

finding out which is which. 
Variation  is inherent to a processéé   
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Understanding Variation 
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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 
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Understanding Variation 

Mean 

X-bar 
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Understanding Variation 

Mean 

X-bar LSL USL 

LSL and USL are those specification limits beyond which your product 

doesnôt have a salable value in the market 
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Understanding Variation 

-3s             -2s               -1s                  X                +1s              +2s            +3s 

68.26% 

95.46% 

99.73% 

68.26% Fall Within +\- 1 Sigma 

95.46% Fall Within +\- 2 Sigma 

99.73% Fall Within +\- 3 Sigma 

s = SIGMA 

34.13%       34.13% 

13.60%                         13.60% 
2.14%                                                                                           2.14% 

0.13%                                                                                                                            0.13% 
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Understanding Variation 

Common Cause 

Special Cause 

Type of Variation  Characteristics  

Always Present  
Expected 

Predictable 
Normal 

Not Always Present  
Unexpected 

Unpredictable 
Not Normal 

Has a surprise element 

Characteristics  

Common vs. Special Cause  
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Understanding Variation 

Å  Unsafe drinking water almost 15 minutes each day 

Å No electricity for almost 7 hours each month 

Å  20000 lost articles of mail per hour 

Å 5000 incorrect surgical operations per week 

Å 200000 wrong drug prescriptions each year 

Can you believe, all above correspond to a 

performance level of 99%! 

Å 50 Newborn Babies Dropped At Birth By Doctors Each Day 
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Understanding Variation 

Å Then We Would Haveé 

Å One Hour Of Unsafe Drinking Water Every Month 

Å Two Unsafe Plane Landings Per Day At OôHare International 

Airport In Chicago 

Å 16,000 Pieces Of Mail Lost By The U.S. Postal Service Every 

Hour 

Å 500 Incorrect Surgical Operations Each Week 

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

Hour 

Å 32,000 Missed Heartbeats Per Person, Per Year 

If We Accepted The Goal Of 99.9% Quality 
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Taguchi Model 

C
o
s
t 

Performance 

Market sigments 
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Common source amplifier (CS) 

Why active load has high r, small 

area, high r gives higher gain. Less 

power 

A diode-connected MOSFET can be 

thought of as a small signal resistor 

with a value of 1/gm.  
å 1/gm 

Amplifiers 

2 2 1
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Poles and Zeros 

The phase is 180 for a ïve const 

(inverted amp ñCSò) 

Must occur in conj pairs 



A. Helmy, PhD  

LHP Pole LHP Zero 
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Stability Criteria, more on this topic later  

Open loop 

gain 

-180 
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The frequency response of CS amp 

 

Overview: Millerôs Theorem 

Consider an inverting amplifier as shown below: 

 

1
.(1 ). .(1 ).in out

F v in F out

F

v v
i jwC A v jwC v

Z Av

-
= = + = +

The current applied by vin to the capacitor is:  

 

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

 

(Effective input capacitance gets multiplied), also effective input capacitance is multiplied by the gain, this gives large 

Cin and hence slow circuit. Note that Miller theorem is an approximation since direct connection between in and out 

through ñCFò is missing ñshorting input and output at high frequency is not represented in Miller theoryò,  
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Frequency response 

1 2/m mg g-

1

1
1

2

( )
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mi gd
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1 2/
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g g
A f

f f
j j

f f
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DC gain is 

Two RC time constants exist:  

and 

We can now define the frequency response as  

where 
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Right Half Plane (RHP) Zero 

One important issue Millerôs analysis ignores is 

the ózeroô due to capacitance between input and 

output, which will be effective at high frequency. 

Lets find the RHP zero 

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 



A. Helmy, PhD  

öö
÷

õ
ææ
ç

å
+

öö
÷

õ
ææ
ç

å
-

-=

out

z

omv

f

f
j

f

f
j

RgfA

1

1

..)( 1



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 Class-A amplifier. Both M1 and M2 conduct current (in saturation) 

for proper operation.  

 

Small signal gain: 

1 1 2

1
1 1 2

1 2

( . ).( || )

.( || )

o m in o o

o m
m o o

in o o

v g v r r

v g
g r r

v g g

= -

-
=- =

+

Frequency Response of CS Amplifier: 

The o/p node at the drain is a high Z node, with only D connection Zh=ro1//ro2. Source 

or drain connected is a low Z node Zl=1/gm. High z nodes have low freq pole that limit 

the speed/BW (but the gain is high) again it is a gain*BW å const 

DC Gain 



A. Helmy, PhD  
55/9 

( )

öö
÷

õ
ææ
ç

å
+öö

÷

õ
ææ
ç

å
+

öö
÷

õ
ææ
ç

å
-

-=

outin

z

oomv

f

f
j

f

f
j

f

f
j

rrgfA

11

1

.||.)( 211

Assume  

1

1

1

1 1

2 1

150 /

5

4

150 / .(5 || 4 ) 333 / 50

( .( )) 690

1
( .(1 )) 6 2 8

2.3 , 9 , 11.9

m

o

o

v

in gs gd v

out gd gd

v

in out z

g A V

r M

r M

A A V M M V V dB

C C C A fF

C C C fF fF
A

f MHz f MHz f

m

m

=

= W

= W

=- W W = =

= + º

= + + º + =

= = = GHz 

In reality fout is at a much higher frequency, around 

200MHz. Why ?! Because of pole-splitting !! As Av 

starts dropping at 20dB/dec beyond fin, vin sees less 

and less capacitance Cgd1(1+Av), i.e. higher Z, So it 

ceases to decrease ñflattens outò and fout appears at a 

much higher frequency. This happens for high Av. If Rs 

is zero, there wonôt be pole splitting nor fin and fout 

equation in this case will be the only pole and its 

expression will be accurate. 

End effect is that the second pole ósplitsô and starts moving 

away. Why didnôt we have this in the previous lecture?? 

Let us analyze pole splitting in detail. 
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Compare poles and zero freq to previous lecture 
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Note that this is not  
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mgThis is quite different from the óoutput poleô approximated with Millers Theorem. Substituting for  

and Côs wee have f2=240MHz. Why do we use the term ópole splittingô? If we place an intentional capacitor Cc in 

parallel to Cgd1  f1 decreases while f2 pushes out. 
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If Rs=0 second term goes to unity i.e f2 is not present, amp tr function has a single pole associated with the output, else 

Rs needs to be large. Looking at the second term and dividing it by sRoRs gives 
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o
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>> º

To determine f2 we factor f1 out of the denominator, we can put the denominator in the form: 
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Generally for any 2 stage amplifier that 

can be put in this form 
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If Cc is made large we will get pole splitting and f1 << f2, fz 

i.e f1 is called the dominant pole 
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Increasing Cc will cause fz 

and f1 to decrease need 

zero cancellation 

As C2 Ŭ CL increases, f2 

decreases, hurt stability 

Unity gain frequency 
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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 phase 

inversion. For high gain amp the lack of inversion when the amp uses fb can result in an unstable amp. 

To avoid this situation we add a resistor in series with Cc to attenuate the high freq signals (where the 

zero occur) and push the zero to a higher freq 
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With a resistor 

If Rz=1/gm2 the zero disappears (pushed to inf freq). if Rz>1/gm2 zero is pushed to LHP to provide 90 

degrees phase boast that aids stability (lead compensation), any practical design that uses pole splitting 

should include zero-nulling resistor 

Can you work this out ?? 
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Very imp notes and summary 

ÅHigh imp nodes has low freq poles 

ÅHigh o/p res amp can not drive high C loads ñf2 decreases 
hurt stabilityò 

ÅHigh o/p res amp can not drive low res loads ñits gain will 
drop due to loading, needs a buffer with low o/p resistanceò 

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

ÅNext 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 imp ñdominant poleò, thus 
compensation can be done via load cap. Opposite to two 
stage amps 
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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 2-Stage OP-AMP Design 

DC Gain=AOL,DC=A1.A2=gmn.(ron||rop).gmp.ro7 

A1 A2 
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Basic Two-Stage Amplifier Conversion 

As shown in lecture 4 for a generic amplifier a RHP zero is located at 
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p Å Dominant pole is set by Cc 

multiplied by the low freq gain of 

second stage 

Å As Cc increases f1 decreases and 

f2 increases causing pole splitting 

2nd pole 

DC gain 

As C2 Ŭ CL increases, f2 

decreases, hurt stability 
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If Cc is made large will get pole splitting and f1 << f2, fz i.e 

f1 is called the dominant pole. The main motive is to make a 

2-pole, 1-zero system looks like a single pole integrator 
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Unity gain frequency 

Unity gain frequency or gain band width product is fun 

( )

( ) ( )cm

mm

c

m
un

cm

dB

CRRg
RgRg

C

g
f

CRRg
ffBW

122

2211
1

122

31

.2

1
.

.2

.2

1

pp

p

==

===

As f1 and f2 split fz is still present as a RHP zero, 

impacting phase margin. Also note that as gm1=gm2 

unity gain and zero frequencies may overlap => almost 

guaranteed low phase margin !!  

 

Hence we need to cancel it out.  

 

Increasing Cc will cause fz 

and f1 to decrease need 

zero cancellation 
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Operational Trans-conductance Amplifier (OTA)  

A voltage to current converter that can only drive capacitive 

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

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

ro), except output node  

o/p compensated opamp 
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The ideal OTA has infinite output resistance. If we cascode the 

current mirrors, we will be increasing the OTA output 

resistance without the need for big devices. 
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As before 

Increasing the load capacitance decreases the unity gain freq making the OTA more stable ñthis is an 

output compensated ampò. Unlike the two stage op-amp where the op-amp can become unstable with 

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 

Single stage o/p compensated 1 pole 

no need for CC, high PSRR 

CC  f1   f2 

CC  fz zero nulling is needed 

CL  f2 

For 2 stage opamp 

Increase CC to counter 

balance high CL, but 

PSRR will degrade 
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The Source Follower (SF Common-drain Amplifier) 
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Consider the charge entering the gate capacitance: 

 as Avå1 

The source-gate 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 

Used as a level shifter vout=vsg1+vin 

Vout > vsg-vtp, vout > vout-vin-vtp, vin > -vtp 

Vin min 

Vin max < Vdd - vds,sat - vsg -vtp < Vin < Vdd - vds,sat - vsg 

SF 

Av Ò 1 
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Frequency behavior of SF 

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

A very high frequency pole due to low Cdg 

RoSF=1/gm, but gm is freq dependent  
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Rout or R into Source is resistive 

at low freq and an R in series with 

an inductive load at high freq, may 

induce ringing while driving 

capacitance loads due to RLC 

To get how gm depends on freq 

A high freq pole due to small Rout 



A. Helmy, PhD  
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R sgdgs

m

out ww =+-=      ..1
1 2

Happens if we cascade two SF, Rout (inductive) of the first stage will be Zs of the 

second stage, giving ïve Rout of the second stage. Used in RF oscillator designs 

inductor placed in the gate of the MOS to AC ground to create ïve resistance 

SF are used as output buffers, due to their low output resistance, and small 

input capacitance, also SF wonôt have much effect on the overall freq 

response of the amplifier that they buffer ñhigh fin and foutò 

inductive -ve 

resistance 

R 
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M1 o/p resistance is gm1*Rs larger than its ro1, similar to the cascode action. 

Rs decreased the gain and increased Rout of M1 

CS with source degeneration resistor 

1) What will be the gain if M2 is a current source load, not diode connected 

2) What will be the gain if M2 is a current source load with infinite output resistance ñideal current sourceò and RL is also 

infinity. Comment on the results. 
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1) Cmrr 

2) Psrr 

3) Voltage swing (vout=Vx-Vy)=2(Vdd-Vds,sat) 

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

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

Differential vs. single ended 

Why differential? 

Á Noise immunity {CMRR/PSRR} 

Á Larger output swing (Vx-Vy) 

Á Simpler biasing 

Á Higher linearity (remove even harmonics) 

Á Cons : area increase Ą worth it? 
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V2=Vt+Vdd-0.5*Rd 

V1=-vss+Vcs+vt+vov 
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Large Signal Operation 

ÅDiff IN 

ÅDiff Out 

 

ÅVG1=VCM+Vid/2 

ÅVG2=VCM-Vid/2 

ÅVid=? 

ÅVCM=? 
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Common mode Bias (Same I/P to both sides) 
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Differential Input Signal 

Å Vid=VGS1-VGS2 

 

Å If iD1=I: Q2 off 

Å Vs=-Vt 

Å I=1/2 KW/L (vgs1-vt)^2 

 

 

OVid Vv 2max=

CMCM OVidOV VvV 22 ¢¢-

OVgs VVtv 21 +=

)(' LWkIV nOV =

vsvgsvid += 1max
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Impact of Overdrive 

High V ov  - > High Linearity  

How to get high V ov ?  

P 

G L 
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Common mode rejection ratio CMRR 
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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 Ro=Ð they 

should cancel each other, CMRR= Ð, for Ro Í Ð it will 

modulate Vx node  

Vx 

The higher the tail current source resistance, the lower the common mode gain gets ï it is good for op-amps. As 

common mode frequency increases, Co becomes dominant. Cascoding helps? 

-70dB 

-20dB 

~MHz 

CMRR=20log(Ad/Ac) 

Very imp to 

keep this C low 
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How about high frequency noise? 

Consider the same two stage amp: 

At low frequencies mostly bias and asymmetries cause PSRR. At high 

frequencies, output stage dominates 

Vsg 

+ vd 

ȹvout=vd+ ȹvgs 

Assuming I is fixed 

ȹvoutåvd, i.e Ap=1 

As open loop gain AD reduces, assuming Ap=1, 

PSRR reduces to 0dB at high frequency 

Low imp at high 

freq 



Draw back of telescopic cascode amplifiers 

Å Limited output swing 

ï Single ended worse than diff for 2 reasons 

(se vs. diff, diode connected vs. current 

mirror) 

Å Mirror pole in single ended node X 

Å Cannot be used as a unity gain buffer due to 

limited swing and high delta in i/p vs. o/p CM 

Å Vout<vx+vth2 and vout>vb-vth4 

Å Since vx=vb-vgs4 

Å Vb-vth4<vout<vb-vgs4+vth2 

Å Vmax-vmin = vth4-(vgs4-vth2) 

 



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 without stacking. 

Very versatile single stage amplifier. Since it is single stage, it 

requires only output compensation, no CC and hence good PSRR 

(supply and gnd noise shielded by the cascode) 

(a)i/p CM cannot exceed vb1-vgs3+vth1 or M1 will triode 

(b)i/p CM cannot be less than vb1-vgs3-vth1, thus we can short i/p 

and o/p with no swing limitation 

 

Extra current consumes 

more power 

Refreshing ócommon-gateô and 

ótransimpedanceô topologies: 



Folded cascode 

Vout min = vod3+vod5 

Vout max= vdd-(vod7+vod9) 

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

Telescopic cascode was less by the overdrive of the tail current 

transistor 

But M5 and M6 will carry high current and their over drive will be 

higher if their cap contributions at nodes X and Y is to be 

minimized, thus swing of folded cascode is slightly > telescopic 

 

Av=Gm Rout,  

Gm =gm1 since iout is I1 and 1/gm3<<ro1||ro5 

Rop=gm7ro7ro9 

Rout=Rop||gm3ro3(ro1||ro5) 

Av=gm1{gm7ro7ro9|| gm3ro3(ro1||ro5)} 

ro1 is in || with ro5 hence 

Av folded < Av telescopic by 2-3X 

1 

2 



Pole at folding point is more dominant than the 

corresponding pole of the telescopic cascode. (note 

that M5 is a large device carrying high current). 

Folded cascode is a bit slower than telescopic 

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 gain 

than a PMOS i/p with NMOS cascode because of 

higher mobility of NMOS (higher gm) but this comes 

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 

3 



Folded cascode 

with cascode load 

Folded cascode 

with single load, 

better swing, but 

lower gain 

Folding must have a cascode to fold to, 

i.e this must be a cascode 
OTA, telescopic cascode, folded 

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 points. 

When signal swings increase to a point where voltage swings are rail-to-rail, small signal assumption may not hold 

true. 

Consider a common source amplifier; 
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If Id and i are comparable,  
1

( )Id i+

component becomes highly non linear. Distortion is characterized 

by voltage gain becoming a function of input signal Vi or i 

Slope=gain 

More current Id means more 

linear performance. Power vs. 

linearity trade off 

Can we check for distortion 

using ac analysis in spectre? 

When gain decreases, distortion increases, 

distortion increases with freq because gain drops 

with frequency  
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Frequency Domain Characterization Of Distortion 

Apply a spectrally pure sine way to the input.  

The amplifier will generate a series of tones due to the  term. 

 is the ith harmonic of the input.  

is the fundamental of the input.  

Total harmonic distortion is:  

The nth term harmonic distortion is given by HDn=an/a1, for n>1 

o/p buffers, amps used to drive a large load 

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. If 

Bias å time varying, fb is used to reduce distortion by 

reducing gain and linearizing the amp  



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 with op-amps.  

Gain of the amplifier A, multiplies 

the cascade Rout. 

Amp stabilizes vds 

enhancing ro, 

increasing gain  



A simple implementation is to use a CS amp for the amplifier.  

A=gm.ro/2 

Rout=gm.ro/2*gm.ro2 

Rout=gm2.ro3/2 

Voutmin=Vdssat+vgs 

vgs 

Enhancing the gain of a single stage and increasing 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 ñlarge signalò problem. It is associated with load capacitance.  

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. 

This is not a step response, where input is a small step. This is a large signal step input.  

Indep on i/p step size 
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Note that the output slope is time 

dependent and that it is proportional to 

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 settling Ű is related to the small 

signal (linear) BW of the amp 

On the other hand SR is a non linear 

phenomena hence it causes distortion 

Linear settling time limited due to 

small value of the input step. Note 

that diff pair is in saturation 



Example i/p sin wave to an amp with 

gain A SR must be > A.Vm.ɤo else 

distortion will occur 

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 slope 

is limited by settling time Ű 

St line slope 

slewing 



Passive load 
SE output 

 

Diff output 

 

Active load 
SE output 

 

Diff output 

??? 

CMFB (covered only 

in eee523) 

Differential amplifiers 



Setting DC bias: Diode connection vs. current source transistors 

Vb 

No guarantee that pmos current = nmos current, to 

satisfy KCL one of the branches will triode and Vout 

CM will be either very close to VDD or gnd. This is 

called a CM drift, has nothing to do with differential 

drift ñoffsetò which is due to mismatch and 

asymmetrical diff branches, while CM drift is due to 

PMOS/NMOS mismtach in one branch during CM 

(i/p shorted) operation 

Vb 

VDS 



In high gain amplifiers (no diode connected loads), o/p CM level is sensitive to device properties and mismatch and it 

canôt be stabilized by means of differential feedback. Diff feedback cannot define the cm level. CMFB is needed to set o/p 

CM and ensure proper amp operation. 

Setting DC bias: Diode connection vs. current source transistors 

If I3,4 in sat > Iss/2, M3,4 will triode so that their current 

falls to Iss/2 and satisfy KCL, Vx, Vy goes to near Vdd 

If I3,4 in sat < Iss/2 , both Vx, Vy will drop and M5 triodes 

to produce only 2*I3,4 to satisfy KCL 

Delta current must flow in rop and ron, 

creating a voltage error =  

(Ip-In)(rop//ron) very high due to current 

sourece configuration causing transistors 

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

gnd 



Benefits of diff output vs. SE output 

1) Better CMRR (common mode noise canceled) 

2) Better PSRR 

3) Voltage swing 2X SE, may be higher than Vdd 

4) Even harmonic distortion canceled 

5) No mirror pole, higher closed loop speed 

6) Matching is more critical in diff o/p opamps 

(matching to lower the offset and matching to 

equate o/p CM), while in SE only matching to 

lower offset is needed. 

R1 

R2 
Vo 

Vin 

Vcm 

Ideal opamp A=inf Non-ideal opamp AÍinf 

How is Vcm copied to the output 

Diff output amps are fully symmetric if compared to SE 

output amps where one of the branches has diode 

connected transistors that set the o/p DC CM voltage. 

In previous lectures we discussed fully differential 

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 CMFB 

circuit, no global fb can help. While in SE amps, global 

fb is used to set the o/p CM level. 



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

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 output 

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 

If it were SE 
Diff axis of symmetry Gain at diode 

connected node (only 

in SE case) is v.low, 

no signal swing, we 

only use the current, 

but in fully diff, this 

signal has full gain, 

can be used to allow 

a class AB operation 

(next slide) 
Fixed bias 

class A CS 

o/p stage 
Fixed bias 

class A CS 

o/p stage 



Introduction to Fully Differential OpAmps 

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

óCommon-modeô signals is the average of input/output signals. 

Vcm=VDD/2 or any convenient DC level.  

 

However, ócommon-modeô signals need to be controlled and actively 

tracked. The circuits that achieve this are called ócommon-mode 

feedbackô (CMFB) circuits. 

( )mpOLomopo vvAvvv -=-= .

+ 

/2 

- 
Vocm desired 

VCMFB Where should VCMFB go? 

i.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 

Class AB o/p stage 



If Vocm increase, middle pmos tends to shut off, its current decrease, diode 

connected current decrease, mirror current M1 decrease, VCMFB increase, tail 

curent M3L,R increase, bringing Vocm down (CMFB) 



A cmfb network must be added to sense the cm level of the two diff outputs and accordingly adjust one of the bias 

currents in the amp 

Vout, cm=vout1+vout2/2, if R1=R2 

Sf buffers to avoid loading but Wasted swing due 

to CM sensing 
Avoid current starving of M7.8 (I1,2 R1,2 must be 

large) 



Loop gain if high will equate vout, cm to vref 



+ 
+ 
- 

VCM desired 

gm5.ro3.A=loop gain 

A 

VCMFB 

VCMFB=loop gain * (VCM sensed ïVCM desired) 

VCM sensed 

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

CMFB loop stability 



Simulation and Test Benches 
Quality Guide Lines 



Purpose of this presentation 
ÅSetting common guide lines to building accurate 

test benches that ensures good Silicon to 
Simulation correlation 
ïά²Ƙŀǘ ǎƘƻǳƭŘ L ŀŎŎƻǳƴǘ ŦƻǊ ǿƘŜƴ L ŀƳ ōǳƛƭŘƛƴƎ Ƴȅ ǘŜǎǘ 
ōŜƴŎƘέ 

ÅThis is not project specific. 

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

Å!ƭƭ 59Ωǎ ŀǊŜ ƘƛƎƘƭȅ ǊŜŎƻƳƳŜƴŘŜŘ ǘƻ Ŧƻƭƭƻǿ ǘƘŜǎŜ 
guide lines and show in their design reviews how 
these guide lines are being followed, and 
document the validation needed to meet them. 

 

 



Introduction 
ÅSi is not forgiving, i.e. do not expect things to work on their 
ƻǿƴΣ ŎƘŀƴŎŜǎ ŀǊŜΤ ƛŦ ȅƻǳ ŘƻƴΩǘ ŎƘŜŎƪ ŀƴŘ ŦƛȄ it , it will be 
broken. 
ÅOur process is even more unforgiving vs. any other foundry 

due to our design rules and yield requirements.  
ïThese are present to reduce the wafer cost and increase our 

profit margins. 

Å14nm will even be more and more unforgiving 
ÅEven if your design works this does not mean you 

succeeded!! 
ïTens/hundreds of millions of units of your design must work and 

meet all specs to be successful. 

ÅThe parts outside our yield envelope is equal to the parts 
shipped by other companies.  
http:// www.youtube.com/watch?v=981OA_BZ42Q 
ïOur analog designers are not as your analog designers, we are ΧΧ 

 

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 
ÅTest benches must include 
ïDUT (design under test, the block that you are designing)..obviously J 
ïParasitics of critical nets inside your DUT 
ÅInternal nets to the design 
ÅParastics of I/O pins of the DUT (since they will have relatively long routes ) 
ÅParasitics of High Speed nets 
ÅParasitics of high current nets 
ÅParasitics of bias nets 
ÅThe above nets will need lots of metal tracks to pass RV and hence it will be 
ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ƘƛƎƘ ǇŀǊŀǎƛǘƛŎ ǊΩǎ ŀƴŘ ŎΩǎΣ ƛǘ ƛǎ ōŜǘǘŜǊ ǘƻ ŜǎǘƛƳŀǘŜ ƛǘ ŀƴŘ ŀǘǘŀŎƘ ƛǘ 
to test benches in the pre-lay phase to avoid unpleasant surprises at the POLO 
phase. 
ÅMany tools are available to estimate these net parasitic.  

ïParest + the follwoing 

ïShort CDC methodology and calculator 
ïRC cal 
ïUpf data for sheet rho 
ïA rough rule of thumb is 0.2fF/um for the cap of a route (back of the envelope) 
ïFtrc 

» Make sure to include ALL the info in the ftrc GUI, mainly spr, spl, MCF, else ftrc 
will be too optumistic. 



Pre lay schematic simulation 
ïLoading to your DUT  
ÅBlock loading your DUT must be in your test bench 
Åinclude the estimated parasitics of the load cap and res of the 

loading block input stage and second stage (to account for Miller 
cap). 
ïi.e. Ą If a divider (DUT) is driving a cml buffer (load), put the load and 

its input estimated cap and res as the load to your DUT, put also the 
output Cload of the cml buffer to account for Miller cap effect. 

ïInterface spec  
ÅDo not assume your input signal, talk to the DE of the block 

driving you, agree on a spec, document it in a ticket, put safety 
margins to it, use the WC spec as your input across PVT. 
ÅOr better and when available include the driving block of your 

DUT to your TB to get the input signal values as it varies across 
PVT, hence you will not use a constant WC single value across all 
PVTs 
ÅInclude the estimated res and cap to the output signal of the 

block driving your DUT 



Pre lay schematic simulation 
ïOverlap blocks in your test benches when you hand over 

specs across interfaces or when you break big designs to 
stages (due to large simulation time) 
ÅSee next slide for explanation 

ïBias 
ÅUse bias spec with its min-typ-max, add to it its 5 sigma number 
ÅAlways include the bias random variation in your bias values 
ÅOr when available include the bias block in your TB to get its 

value across PVT 
ÅInclude the bias in your Monte Carlo runs 
ÅNever use ideal current sources for production checks, these can 

give fake EOS violations (an ideal current source into an off 
transistor, can give 1k Volt !!!) 
ïWhy would I put a current source into an OFF transistor to start with Ą 

I am smarter than that 
ïWell to check your DUT when it is ON and when it is OFF, and the bias 

block and your DUT can be enabled and disabled independently, i.e. 
leave no stone unturned 



Pre lay schematic simulation 
ïSupply noise 
ÅDo not assume clean supply it is not, apply supply noise 

(amplitude and frequency ranges to your VCC) 

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

ÅNote that VCCmin is 0.94V and VCCmax is 1.1V (do not let 
noise take your VCC below the min nor above the max) 

ïCM noise 
ÅDo not assume clean CM, add CM noise and check your DUT 

sensitivity to it. 

ïDuty Cycle variation. 
ÅDo not assume a perfect clock coming to you 

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



PVT 
ÅAccount for MFC and CPR variation with the corners list 

ÅMeet performance at 
ï tttt  

ï rsss 

ï rfff  

ï rsfs 

ï rfsf 

ï rssf 

ï rffs 

ï All the above blended with  

ÅMin - Max Temp -40C and 110C 

ÅMin - Max Vcc   0.94V and 1.1V 

 



Sensitivity  
ÅKnow your design weak points 
ïSensitivity to bias current and/or voltage on both high 

and low ends of the bias values, load, routing 
ïSensitivity to i/p swing, i/p CM, CM/supply noise, duty 

cycle 
ïSensitivity to freq (your BW) 
ïSensitivity to Vt, Idsat, rout 
ïIf you want to check your Vt sensitivity between rsss 

and ssss, use rsss and add a voltage source to increase 
your Vt across your GS junction. 
ïFTRC, TL 
ïYou should be able to say this in your sleep 
Åaȅ ²/ ŎƻǊƴŜǊ ƛǎ ΧΧΧΧΧΧΧΦ 



Monte Carlo 

Årsss minV cold, corresponding bias, 
corresponding stimulus, make sure your spec 
is met with 5 sigma. For example 

ïMean gain at rsss minV cold is 500V/V 

ïSigma is 15 

ïSpec should be greater than 500 -5*15 

ïGain spec is > 425V/V 

ÅRepeat the above at your WC corner, if rsss 
minv cold is not your WC corner. 



POST lay 

ÅPOLO simulation  

ïPrevious slides still applies Ą big time 

ïPOLO for the DUT/BIAS/LOAD/driving block 

ïOverlap 

ïMake 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 IQ for example 

VCO Cml buf IQ TL 
Lumped 
cap as TL 

load 



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

TLDRV CLKDIST Pff/PI Mixer/cml DTLE 

Overlap Need to get the i/p and o/p specs of 
the TX input stage for example 

TLDRV CLKDIST 
TX 

cml2cmos 
Cml2cmos 

load 



ÁLC-VCO Quick Overview  

ÁBasic Concepts and tradeoffs 

ÁArchitecture Options 

ÁPractical Considerations in 65nm and 

beyond 

ïDeep Submicron Challenges  

ïInductor Design 

ïVaractor Design 

ïOscillator design 

ïSample Data and what to look for. 

VCO Outline 



LC-VCO Quick Overview 

ÁOscillators are +ve feedback systems with 
ïLoop gain=1 ( at sustainable oscillations) 

ïTotal phase shift around the feedback loop = 0  

ÁLC is used in the loop to stabilize the oscillation 
ïSharp band pass filter to select o/p freq and ensure low PN + sine o/p 

ÁFrequency of oscillation is set by the tank resonance freq 

ÁLoop gain should be > 1 to start oscillation (amplify noise) 

ÁAs amp increases, loop gain decreases, maintaining steady 
oscillation 



Required Condition of Oscillation 

ÁLoop gain Ŭ Gm 

ÁLoop gain Ŭ Q 

ÁWorst case is low Q ind + low Q tank (all Cbank switched in the 

design ñ1111ò lowest freq of osc) 

ÁWorst case is lowest Gm at ñssssò and lowest tail bias current 

ñ1111ò for the sel bits.  

ÁLowest amplitude of oscillation, must check for these conditions 

1>pmRG

-Gm 

Vo+ 

R RC RP1 

L C 

ÁRp is the effective parallel resistance of the tank 

ÁQ is the loaded quality factor of the tank Ŭ Rp  

Loop gain = Qc>>QL 



Basic Concepts 

ÁHigh Q of the tank is needed (ind Q) for  

ïhigh loop gain,  

ïlow PN (sharper resonance has low PN skirt), 

ïhigh swing for a certain bias current + Low power 
dissipation. 
ÅRp ~ Q, Vswing ~ I.Q, higher Q yields lower I for same 

Vswing, hence lower power 

ïActive device noise injection decreases 
ÅLower I implies lower active device noise 

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

 



ÁAs technology feature size is reduced,  
ïthe doping concentration of the diffused regions is 

increased to avoid total pinch off effect.  

ïHigher doping concentration leads to higher depletion 
capacitance  

ïtherefore lower supply is needed to avoid junction break 
down 

ÁSupply voltage scales down,  
ïVoltage swing decreases,  

ïhigher relative PN,  

ïrev bias of the varact is less,  

ïlimit tuning range, specially at high freq, as Cpex is high, 
varac can change only a small frac of the tank C 

ÁLow KVco is better for PN worse for tuning range. 

ÁCoarse tuning is needed using digitally controlled 
Cbank to cover frequencies needed. 

 

Deep Submicron trends 



Voltage Controlled Oscillator (VCO) 

Á Implementation Issues :  

ïPhase noise 

ïTuning range 

ïGain (Kv) variation over operating range 

Voutp VTune
Voutn

Bias

VTune

F
re

q
u

e
n

c
y

Operating

Range

Kv= Df/DV



VCO Design Tradeoffs  

Tuning Voltage 

V
C

O
 F

re
q

. 

Tuning Voltage 

fmax 

fmin 

V
C

O
 F

re
q

. 

High Kv 

Low Kv 

fmax 

fmin 

Typical VCO 
ÁNo tuning required 

Áhigh phase noise 

 

Coarse-Tune VCO 
Á low phase noise 

ÁCurve selection reqôd 

Cbank 

Select bits 



Voltage Controlled Oscillator (VCO) 


