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What are we going to do todaye

» |ntegrated circuits industry as it stands today.
» A |ot about analog circuits and how to look at them intuitively
= Well, | will only tfouch the tip of the top most molecule of the ice-berg
» Circuit simulators and how to use them:
» We will use something called CoolSpice.
= | will give you a long list of references that you can look up

®» Some of you wanted to discuss about the activities of Science Club today,
so well do that.



But before that what does the little black
things inside your phone look like<¢




AU I T

L

Global <

Intermediate

Metal 1

How does it look inside?

AL

\“ll 41N | ‘)

FiRl ey

i

AL

g s

4 «— Dielectric Capping Layer

. opper Conductor with
ga?r?ermucleatlon Layer

This is where
your fransistor
arel

Pre-Metal Dielectric

ungpten Contact Plug

I

L <

IHHIIHH' |
2um



LN

717 '}'I.lh

\

The figure alongside shows a typical
12 inch silicon wafer from TSMC's
28nm process.

Your phone, the pacemaker, the
projector, the electronics monitoring
and preventing a nuclear meltdown,
he missiles which are pointed towards
China and Pakistan, the servers on
which Facebook.com is hosted,
mainframes trying to predict
monsoon.. All of them runs because
this thing alongside exists.

If today you were to just wipe this
thing off the face of earth, we will stop
having all of the above.

Imagine that.

More info: https://en.wikipedia.org/wiki/Wafer_(electronics)



But why does it really require all of
these metal layerse

This is what you would have
done if it was your PCB!

And we extrapolate this idea to an IC
as well.

Instead of going in a twisted sense,
you are constrained to go up, left,
right or down.

[sometimes you can get 45 degrees
as well (in on-chip inductors)]

\ 4

This is a really long metal line!




Opportunities in the integrated circuit
design

= Analog integrated circuit design ($$9)
»
» Bio medical circuits
®» Power converters

» Wireline communication Circuits

» Silicon Photonics
» Digital integrated circuit design

.l ($$3)

» Digital logic that actually controls the analog
= Mixed signal design

» |ts not really a separate field, its just that we use a lot of digital to control the
analog, and analog relies upon digital.

» The keyword is ‘CALIBRATION’




Silicon Photonics- a sneak
peak

Whye
Because its fascinating




This is what a datacenter looks like today.
The person as you can see needs a
bicycle to cross go from one end of the
data center to the other.

And these yellow racks on top?¢ These
carry all ethernet links that moves around
the data from one server to the next.

Silicon photonics can shrink 10 of these
cables into a single thin optical fiber!
And that's assuming they are 10Gbps link
each.

Imagine this: The entire Game of Thrones
TV series can be transferred in 8 SECONDS
flat.




Why do we need silicon photonicse

®» We are generating enormous amounts of data.
» Storage is no longer the issue.
» Transferring is the issue

» Silicon photonics refers to the technology whereby the optics parts can be
integrated directly into the silicon substrate.

® You can leverage all the developments in CMOS.
» Reduces the size of the PCB

= Way higher transfer speeds.

®» Example: Your processor talks to your high end GPUs. And they talk via
something called PCle lanes. Right now, with copper PCB fraces, PCle can
support a maximum of 16Gbps [| worked on PCle 2.5Gbps and 5Gbps links].

» With silicon photonics, you can imagine the speed.
» At the two ends of silicon photonics are optical devices.

» Byt it's the analog circuit that drives the optical devices.

» And when the data comes in, it's the analog circuit that conditions and tells the digital
whether it's a zero or a one.



Its an analog world!!

Lets delve into circuits and systemsl!




The ABC(D)s of an analog world

®» Resistors
»\=|R

»Capacitors
»q=CvVv

dt

®»|nductor

» And now, memristors



Some properties

» Resistor allows sudden changes in voltages across it and current through it

» Capacitors allow sudden current changes, but voltages are NOT generally
permitted to change suddenly across them.

» |nductors allow sudden voltage changes across them, but sudden current
changes are NOT allowed.




Lets start with a couple of easy ones:

out out
| - W
5\/ c1 % oV —
OV ‘ GND OV GND
v v
Case: 1 Case: 2

What will be the output In either case?

(The idea here is not to use any of the mathematical tools like ODEs or Laplace

transform)
Q=CV
= dV
T

Thus, for a step change (mathematical way of saying ‘a sudden change’)
in voltage across a capacitor to happen, you would need an infinite
current to flow into the capacitor.




Case: 2

R3
5V —
oV
Case: 2

This is the part to which most
people do not give much
thought about.

C2

GND

R dt
dt AV
RC Vin _ Vout
tdt j e
RC 0 Vm Vout




Case 2 (R=10K; C=1n):

B VT (Yin") >
VT("four_1") &

—t
This is exponential curve given by: 1 — erc
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Case 2 (R=1K; C=1n):

B VT(in") -
VT('fout_1") &
VT(jout_2") &

Input

With | Ne
ith lower Output

—t
This is exponential curve given by: 1 — erc

T
50.0
time (us)




Vout —C d(Vi B Vout)

I I out R B dt
= . + .
| | R Because fort = 07, V;, is constant
oV C1 % dt B _dVout
RC  Vyu

tﬁ - jvout _dVout

Vin Vout

oV # GND

Case: 1 — = _[ln(Vout) N ln(Vin)]

ot ln( Vin ) |
The voltage across a Vout) '
capacitor cannot change
simultaneously.
Assume that the initial voltage
across the capacitor is OV.
Then, when the ‘in’ node
suddenly changes by Vin, to
maintain the same voltage
across the cap, out will also
go to Vin




Case 1 (R=10K; C=1n):

g nput

-t
This is exponential curve given by: erc




How about this one?

A A
R2
[ | o out

| |
5V C1

()Y

C3=4nF ; R1 = 40K
Cl=InF;R2=10K

C3

When | said that voltage
QCross a capacitor cannot
change instantaneously, it was
because you CANNOT
NORMALLY get a voltage
source that can supply an
infinite amount of current.

But charge re-distribution
between two plates of a
capacitor (connected Iin
series) can happen
instantaneously.



M2: 291.4572us 3.997994Y

M1: 1.004854ns 1.0V

100.0 120.0 140.0 160.0 180. 200.0 220.0 240.0 260.0 . 300.0 320.0 340.0 360.0




Boring.. Real life example please..

‘Decoupling capacitors’

» A CMOS circuit does not dissipate
any static power, however it does
dissipate dynamic power.

» See the inverter example
alongside. When the input
switches to a logic low, the output
node needs to go to VDD. The
PMOS turns on charges the C4 to
VDD drawing power from the

supply.

» Whenever a digital circuit
switches, there is a current spike.

= Now imagine many such
transistors switching simultaneously
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Decoupling capacitors [confinued]

» Just like a capacitor hates sudden
changes in voltages, an inductor

o YoV
despises sudden change in I\Qf L1
current. n
» When the IC tfries fo draw in e IC
(suddenly) a large current spike,
the inductor resists it
» V=]« at M AN,
dt R5 L2
» The effective voltage across the IC "
dips
= You don't want the above to be MW
happening. R6 E 7
» The decoupling capacitor placed L
parallel to the chip does not allow C—D vs2 c — DA
any sudden changes in voltages. ~
» The capacitor provides the IC with A J
the high frequency current. AN AAS




Wireline communication

_w"_l_'c' Vout
T
=

»A simple model of a wire

But if you had a longer series of 1s,
The output voltage waveform may not even

then you might reach to a value close to
the supply rail.
get the time to reach the supply rail or its thereabouts



Quick problem:

V is a square voltage source
with voltage levels 0 and 2V,
— VW ¢ and a duty cycle of 50% and

a period of 10usec.

@ VPul1 —_C The RC time constant is

- lTusec.
l Given that the diode is a

normal Si diode, plot the
output response.




How to know when has data arrived?

USB pinout

p A X o X T X o X X
Y USB Ground USB Vee  vec IMM s00m _ _
1. X 0 0 0o X 1 X

USB Data+| USB Data- Data- @ |Data+
@ the same
N

USB i ial bus. It 4 shielded wires: two fo (+5v & GND) + |
S e R S Assume Datat is red
http://pinouts.ru/Slots/USB_pinout.shtmi Assume Data- in blue

How to know whether it's a one or a zero?

If (Data+ - Data-) ~ 400m =» You have received a one
Else - You have received a zero




How to know when has data arrived?

USB pinout

I X o X 1 X o X 1 X
W usogoud || ssver _ve | | lom = . 1. X o 0 o X 1 X

USB is a serial bus. It uses 4 shielded wires: two for power (+5v & GND)
and two for differential data signals (labelled as D+ and D- in pinout)

http://pinouts.ru/Slots/USB_pinout.shtml

Question is when do | check the difference? To solve this problem, there is
o } } } } something called a clock data
— X . X . X . X . X recovery circuit and its ONE (if
| | | not the most) challenging blocks
1 X o 0 \o \1 ><

\ \ \ in communication circuits
\ S : (I : \ \

Easiest answer is you sense a transition and you sample T/2 after that
What happens when you have a long series of identical digitse




References on switching circuits

» Puylse, Digital and Switching Waveforms by Jacob Millman and Herbert
Taub.




Intfroduction to filtering

» | ets write the equation of a simple linear and time invariant system

» [fifs alinear and time invariant system, then if the input to the system is @
sinusoid of some frequency, then the output also HAS to be a sinusoid with
the SAME frequency but possibly different phase and amplitude.

» See the equation above. Differentiation of a sinusoid gives back the same
sinusoid albeit with a different phase and amplitude.

= Nof that, if the input is in exponential signal, you will again get back an
exponential with the part that changes with time the same.

» That is if the input is Ae™, output will be Be™

» But sinusoids are mighty easy to see in an oscilloscope!



Fourier series and Fourier transform
What does It do¢

® |t is sometimes easier to see things in the frequency domain, for example
the filtering action of filters.

» [Fourier said that any periodic signal [under certain conditions] can be
written as a sum of sines and cosines, and a constant term.

» The constant term is zero for any signal whose average value is zero.

Key Concept: Trigonometric Analysis and Synthesis Equations

Given a periodic function x, we can represent it by the Fourier series synthesis equations

oy (t) = ag + i (@n cos(nwot) + by sin(nwgt))

n=1

We determine the coefficients a, and b, are determined by the Fourier series analysis equations

ag = zr (t)dt = average

Nl N[ =

M H— N—

zp (t) cos(nwot)dt, n #0

p —

by, = xr (t) sin(nwot)dt

| N

Source: http://lpsa.swarthmore.edu/Fourier/Series/DerFS.himl



What about Fourier transforme

® [or a non-periodic signal, like a speech, you cannot really do a Fourier
series.

®» You need a Fourier transform which takes a non-periodic signal and then
tells you what is the component of each frequency in if.

F(w) = foof(t)e_j‘”tdt

» Unlike Fourier series which gave discrete stems in your frequency plot,
Fourier fransform gives a continuous spectra.

» [For periodic signals, the stems in the frequency plot are separated by the w,
which is nothing but 2*pi/T.

» [For a non-periodic signal, T tends to infinity.

» Thus the separation between the stems of a Fourier tfransform plot are separated
by a distance which tends to zero.

» And hence, spectrum of a Fourier transform is continuous!




LTl system in frequency domain

» What does it really mean when | say there is block which has a given
frequency responsee¢

» Shown above is a frequency response of a simple RC filter with a cut-off frequency of
1MHz.

» |f | were to inject a sinusoid of amplitude A at a frequency of Of 700KHz, then | will get back
a sinusoid of frequency 700KHz with:

» Phase shift of — 35 degrees
» Amplitude of 0.82A




Using the previous concepts, answer:

Low pass filter

Q
<

> Max voltage?

(We=2*pi*3.5K)
0 1ms
1V
Band Pass Filter
"] we=27pi*3K) > Max voltage?
0 1ms (wbh=2*pi*100)

Assume that the transition bands are extremely narrow, and gain of filters is unity




Before we proceed, let’s talk about a very
Important concept called feedback.




» Feedback inits fruest sense of the term means regulatory behavior.

®» For example, lets say | would want to lift a bottle.

= My hands are really the actuator.

®» The eyes is both a sensing and a feedback device that tells how far the hand is
from the bottle.

®» The neural network in our brain and spine directs our hand.

Neurdl

v

System

A

This is the part

of the brain

that

interprets ’

distance

from images This is what is This is what is
called the called the

conftrol block sense part




Different ways the control block can

behave:

It can just look at the present input and give directions to the
actuator accordingly.

It can look at the past inputs and then give the directions to the
actuator. This is like your girlfriend saying, ‘You did that1 days 20
hours 23 minutes 3 seconds ago, and then some crap 20 hours
23 minutes and 2 seconds ago, and then some more a second
later .... and sab milake yein hain uska jawab’

= Disclaimer: | mean absolute no insult to anyone here. | apologize in
case | offend someone.

It can look at how fast the input is changing and give directions
to the actuator. This is what is called ‘pre-emptive behavior.’
This is like your grades have started falling, and your parents cut-
off the cable TV and internet before your grades drop even
further and you fail the course.

Or it can be a combination of (i) and {ii); (i( and {iii) or (i), (i)
and (iii)

Proportional
control

Integral
control

Derivative
control



Operational Amplifiers

One of the marvels of the 215t century

» |t |ooks like the image shown below:

Some characteristics of the ideal operational

amplifier:

« AOL tends to infinity

« No current is taken either by V+ or V-
terminal. [Not true necessarily for BJT
operational amplifiers]

« The maximum output voltage is VDD

« The minimum output voltage is VEE

VDD

AOL*(V+ - V-)

®» The op-amp shown in this configuration has rather limited uses, one of which is a
comparator:

» Because AOL-> infinity, if V+ > V-, then the output goes to VDD.
= Similarly if V+ < V-, then the output goes to VEE

®» People use this for photodiode sensors in line follower robofts.

» Not a great idea. Use a commercial high speed comparator instead. Much better slew rate




How to make It useful?¢
ve feedbackl!!

What is negative feedback?

Negaf

VDD

N

AOL*(V+ - V-)

\beta

Assume V+ goes up slightly.

Then the op-amp would start going very
high because of the large value of AOL.
But then a part of output is feedback into
the V- terminal.

This decreases value of (V+ - V-).

Thus the output will now start coming
down.

A system exhibits negative feedback if the
output fries to go out of bound, the system
will reel it back in!

Note: Life would have been much better
and simpler if AOL were constant.

Turns out AOL moves around a lot due to
process variation



VoD

Some equations.

W

Ao * (V4 — .BVOUTI"/) = Vour & AOLT(V+ - V-)

_Jour W .
= Vi — BVour = A1 GND

o il

Vy

= Vour = 1
(B + T VEE
OL

/4
When Ay, —— infinity,Voyr = —

» How do you synthesize the ‘beta’ network? é "

» What the beta network does is that it only
returns a fraction of the output voltage back % R2
to the input node.

= Fraction of voltage... umm.. Voltage divider.. v
® You can do that easily using a resistor divider.

» |t's a voltage amplifier with a well defined
- R2 R1
gain p=—— (1 + —) * Vy

. “ri+rz oor= (1T Rz
® Pqssives vary less across process, and can be
manufactures with greater accuracy.




Lets ponder on the equations

® |f you were observant enough, then

you would have noticed that V- = Aor * (Ve — BVour) = Vour
BVout and thus V+ = V- Vour
=V, = BVour = 1
» This is another property of " oL
operational amplifiers ONLY in = Vour = L -
NEGATIVE FEEDBACK. (B +4—
OL
= We will see shortly what happens V.,

When Ay, —— infinity, Voyr = —

B

when we have a positive feedback.

= Also ensure that the op-amp outs

ils! . !
are not saturated to the supply rails! NOTE: However in redlity,

» Thisis called a VIRTUAL SHORT. operational amplifiers
exhibit finite AOL, so there

= |f you know your circuit exhibits will be somelor e

NEGATIVE FEEDABCK, you can
assume that the V+ and V- will be
at the same potential and work out
the rest of voltage and current.




What it we swapped the terminalse

\beta

GMD

VDD

VEE

AOL*(\V+ - VV-)

Assume that V- goes down slightly.
Then (V+ - V-) increases.
AOL*(V+ - V-) goes up.

Because beta is a POSITIVE thing,
then V+ also goes up.

Thus (V+ - V-) goes up.

And this regenerative effect
continues until the output voltage
hits the positive supply rail.

This is called POSITIVE FEEDBACK,
where a system only AIDS the
output.

Note the equations are no longer
valid and thus VIRTUAL SHORT is no
longer valid! Be careful!



How to know whether a circuit has
oositive or negafive feedbacke

N = You need to calculate which ..T.ﬂﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁfﬁﬁﬁﬁ
oA of the feedback is stronger. SR T
B » To do that, disconnect the

E output from the amp’s output

and insert a test signal.

EERRENEN = Short any external voltage
P sources and open any external
current source.

_________ » Find what fraction of the input
SRS R R signal returns to the V+ and V-

» |f the fraction of the test signal
B that returns to V+ is more, then
R your positive feedback is

. Qo oo stfronger.

A _TEST . .

------------ ®» And vice versa.




If the above points are clear, try and
answer the following questions:

Find the sign of A and B for the
operational amplifier to be in
negative feedback given:

» R]=3R and R2=R
» R]=R and R2=2R

How does the answer change if the
voltage source is replaced with @
current source as shown below:




Try this:

Draw the output.

Assume that the diode is a normal
silicon diode.




Although, | haven’'t really covered

much, | hope that | am able to g
you a sneak pedak into what are -
that an analog design engineer

ve
'00IS

needs.

Because of the limited time that | have,

| will quickly talk about a circuit
simulator



CoolSpice Circult
Simulator




Features

» Based on the NGSpice simulator, which supports a lot of analysis like:
» DC: For finding the DC voltage and current of a circuit
» AC: For finding the frequency response of a circuit

» Transient: For finding the transient response of a circuit to various input
waveforms.

» CoolSpice actually generates a netlist which can be also used directly with
the NGSpice simulator.

®» You can download it from: hitp://coolcadelecironics.com/coolspice/



http://coolcadelectronics.com/coolspice/

Schematic editor

®» Once its downloaded and installed, you can open the schematic editor

’ CoolSPICE Schematics Editor - [Cool2] X
‘ Eile Edit Library SPICE Options Drawing Win bout - a
aliflrx [ L™= Ezala xk] ABROO|A| P&t o% Aler A+ & o [=9)| 16000, 176.000 mm
\ﬂiﬂ | ﬂl ‘N:‘ﬂ | S‘E | GP | EP | GID | TID | BID | SID 100 110 1z0 130 140 | l!iD | lGID | l':ﬂ | 1s|n 150 200 210 220 230 | :'IID | :!iD | :Glﬂ | :'{ﬂ 280

Filter: Libraries... \
Flace symbol \
SIT=I0) P GND symbol. Make sure your circuit has a ground. Its essential for the
Sourcay - Pue simulation algorithm

Seurcey DCAC. Use this to draw wires. Alternatively, use the shortcut F2
113 P05 - a0 0 1um
Param gnd - Ground
Passive - Resistor

. .
Use this fo give a net name
g a i ei-pe )
[=) Analysis (7)

.ac run - AC Analysis

.de run - DC Cur Analysis

.dec run - DC Generic Analysis . .

Draw your circuit here

.op run - Operating Point Analysis

.step run - Parametric Analysis

.t run - Transient Analysis v

Components under ‘Analysis’ are used to
specify the type of simulation

DC Run g

Title

3=
VHT ‘I l'.‘.‘I.T I l'.‘iT I l'.l'!‘l' I l'.l!IT I \'.léT I \'.léT I D{T I \'.‘\J.‘T ! \'.“'E ! \'.“S J \'.‘I.". J D|3 J UI‘;' I l'.‘lb ! l'.l‘S ! l'.l‘: ! \'.I‘T E

M\ Sheet 1/ <




AC analysis

[N —

n out
P AN = 1

VST R L Value=1p
_I_ Enable=Y Value=158973k —_—
— J Vdc=1.5
Vac=1
Enable=Y
AC Run Start Freg=1
l End Freq=10e6

— Dec=10

Q* CoolSPICE Schematics Editor - [test_rc.dsn *]
’ File Edit Library SPICE Options Drawing Window About

Create SPICE Netlist and Run A Xk|lede ANODO|r] D]
Pause Run Fb 70 80 90
Filter: Stop Run F7
‘ P Run OP Analysis F4
: View SPICE Netlist Fs
P - Al t
Probe - Voltmetar View SPICE logfile (of last run) F9
Eﬁ,u,:fiﬁ E,(,:,ic Insert Another Design as Symbol...




References




Books and Lectures

» Basics of circuit Theory

» | ectures: http://www.ee.iitm.ac.in/videolectures/doku.php2id=eel1001 2015sa:start

» Books: Engineering Circuit Analysis by Hayt and Kimberly
» Design of analog integrated circuits

» Books:

» Fundamentals of Microelectronics by Behza Razavi

» htips://www.youtube.com/watch?v=yQDfVJzEyml&list=PL7qUWOKPfsIIOPOKL84wK QjIN7gvJIXév

» Design of Analog Integrated Circuits by Behzad Razavi [This is a graduate textbook]

» hitp://www.ee.iitm.ac.in/videolectures/doku.php2id=ee3002 2015nk:start

» hitp://www.ee.iitm.ac.in/videolectures/doku.php2id=ee5320 20164:start



http://www.ee.iitm.ac.in/videolectures/doku.php?id=ee1001_2015sa:start
https://www.youtube.com/watch?v=yQDfVJzEymI&list=PL7qUW0KPfsIIOPOKL84wK_Qj9N7gvJX6v
http://www.ee.iitm.ac.in/videolectures/doku.php?id=ee3002_2015nk:start
http://www.ee.iitm.ac.in/videolectures/doku.php?id=ee5320_2016:start

This book is a
holy grail of
electronics.
Its expensive,
but a must
have.

[Some idiot
stole mine]




Capabilities of a simulator used by the
mainstream IC industry

» Determination of small signal parameters.

» Phase Noise and Periodic Steady State analysis

» Before the development of these two methods, high performance oscillator
design used to be hit and trial

®» Pole Zero analysis

» Nof used much.

= STB analysis

» Extensively used in analysis of feedback circuits. It gives you the magnitude and
phase response of a feedback circuit with loading




Issuese

» Prohibitively expensive for individual use.

» Cadence does not even give software for individual use under normal
circumstances.

» Jadavpur University does not want to spend the money to get hold of
university licenses although that is significantly cheaper.




NGSpice Circuit Simulator

 Link: hitp://naspice.sourceforge.net/download.ntml

« Beginners tutorial: https://www.ee.iitb.ac.in/course/~dghosh/ngspice-
2.pdf

« BUT, no schematic capture capabilities are available.

Instead relies upon text based netilist.



http://ngspice.sourceforge.net/download.html
https://www.ee.iitb.ac.in/course/~dghosh/ngspice-2.pdf




