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1 Introdu
tion:

Cir
uit types:

Digital 
ir
uits:

• Large Signal-to-Noise ratio

• Simple storage

• Easy te
hnology

• Good design automation

Analog 
ir
uits:

• Amps, mixer ...

• Capa
itors, indu
tors, resistors

• Problems: toleran
e, noise, drift

• Low design automation

Mixed signal 
ir
uits:

• Combination of digital and analog

Smart power 
ir
uits:

• Power Ele
troni
s i
's

Smart sensor 
ir
uits:

• Combination of sensor. dsp and Power driver

Transistor te
hnologies:

Bipolar:

o Dominant in 70s (TTL)

+ 2-5 times faster than MOS

+ Good for Analog

- Large power 
onsumption

(20 times higher than MOS)

- Big size

CMOS:

+ High integration density

+ Robust

+ no DC power 
onsumption

+ Self-alignment te
hnology pro
ess

+ Simple stru
ture

+ Large SNR

2 Doping

P:

Charge 
arriers:

Majority: holes

Minority: ele
trons

N:

Charge 
arriers:

Majority: ele
trons

Minority: holes
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3 The MOS Transistor

NMOS:

source

drain

gate

ON State: Gate = '1'

OFF STATE: Gate = '0'

The NMOS transistor is used to swit
h '0'.

PMOS:

source

drain

gate

ON State: Gate = '0'

OFF STATE: Gate = '1'

The NMOS transistor is used to swit
h '1'.

Stru
ture of a MOS Transistor:

PSubstrat

V
dd

n n
Si02

Poly− Si

GateSource Drain

• Negative or 0 potential at the gate blo
k the

pn-jun
tion

• Positive potential at the gate a

umulate ele
-

trons from the p substrat below the SiO2 for-

ming a 
ondu
tin n-
hannel between sour
e and

drain → �Swit
h 
losed�

Three States for the Mosfet:

A

umulation Vgs <= 0 A

umulation of holes:

The ele
tri
al �eld draws holes from the p substrat

into the 
hannel → no free ele
trons

Depletion Vgs > 0 Depletion of holes:

Holes are pushed o� from the 
hannel, no free 
harge


arriers. (Negligible 
urrent �ow between drain and

sour
e due to parasiti
 bipolar transistor [a problem

today℄)

Inversion Vgs > Vth

Ele
trons from the sour
e are a

umulated in the


hannel forming a 
ondu
tion inversion layer. The

threshold depends on te
hnology and bulk.

MOS Transistor Equations:

Linear: VDS < VGS − VTH

Saturation: VDS > VGS − VTH

→ The 
hannel is pin
hed o�

→ 
urrent sour
e 
ontrolled by VGS .

Long and Short Channel: behavior of IDS , VDS:

Long 
hannel: quadrati


Short 
hannel: linear

Operating Regions

4 Manufa
turing

Di�eren
es in Modern CMOS Pro
ess Te
h-

nologies:

• Minimum feature size

• Gate oxide thi
kness

• Number of inter
onne
t layers

• Type of substrat material

• Gate material (alu, polysili
on)

• Method of isolating transistors (lo
os, sti)

• Type of transistors (nMOS, pMOS, ...)

Manufa
turing Basi
s:

• Base material: polysili
on

• Drawn out of rotating pot about 1440 Celsius

to a rod-shaped mono 
rystal (Melt ist enhan-


ed with boron or phosphor → p-substrat, n-

substrat)

• Rod is saen into �at wafers and reworked (e.g.

polishing)
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4.1 Planar Te
hnologies: 4 Basi
 Steps

1. Deposition:

Deposition of layers over the 
omplete wafer.

( 
hemi
al, thermal oxidation, sputtering...)

Si02

Poly− Si

2. Litographie:

• Organi
 photorisist

• Exposure of photoresist via mask

• Development and bake

PSubstrat

Si02

Poly− Si

Photoresist

Mask

3. Et
hing:

• A
id et
hing

• Spin and dry

• Further pro
essing, photoresist removal

PSubstrat

Si02

Poly− Si

Photoresist

4. Doping:

• Self-adjusting pro
ess

• Insert Donators in the p-substrat

PSubstrat

n n
Si02

Poly− Si

Trough multiple appli
ation of the di�erent single pro
ess steps ( 400 times) the IC grows on wafer.

4.2 Design Rules and Yield

Layout Rules:

Layout rules are the interfa
e between 
ir
uit desi-

gner and pro
ess engineer. (Ele
troni
 and geometri



onstraints.)

• Minimum width (interruption of wires)

• Minimum spa
ing (short-
ir
uit)

• Minimum overlap

• Minimum line width

Two Metri
s:

µm: absolute value

λ: integer multiple (e.g. min. line width = 2λ)

Example for a Layout:

CMOS Inverter

Yield:

• Area Yield YF = Working Wafer
Total Wafer

• Chip Yield YB = Working Chips on Wafer
Total Chips on Wafer

• Assembly Yield YM = Working Chips in Case
Total Chips in Case

• Test yield YP = Working Blocks
Total Blocks

YTotal = YF · YB · YM · YP

For Instan
e: Chip Yield

Parti
le 
ontamination with diameter smaller than

minimal stru
ture 
an lead to lo
al short-
ir
uits.

→ Redundant 
ir
uits on 
hip whi
h 
an be a
tivated

in defe
tive 
hips (e.g. DRAM).

YB ∼ 1 − n · Adip · D0

Yield improvement also by Design Manufa
turebility

(DFM): e.g. Wire spreading

→ Design rules are a 
ompromize between yield (errornous wafer...), size and performan
e
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Pa
kaging:

• After wafer pro
essing test of 
hips on wafer

• Sli
ing the wafer into single 
hips

• Defe
t free 
hips are pa
kaged (dip...)

• Bonding te
hniques (wire bonding, tape...)

• Test of pa
kaged 
hips

Requirements on a Pa
kage:

• Ele
tri
al: low parasiti
s (L,C...)

• Me
hani
al: reliable and robust

• Thermal: e�
ient heat removal

• E
onomo
al: 
heap

5 Implementation Styles

Overview:

Semicustom

Digital Circuit Implementation Approaches

Fullcustom

Cell Based Array Based

Macro Cells

Standard Cells PrewiredPredefused
(Gate Arrays) (FPGA)

Di�eren
es:

GPP
DSP

Semicustom

FPGA

ASIP

Performance
F

le
xi

bi
lit

y

P
ow

er

Fullcustom

Full
ustom Design:

• Design element singel transistor

• Cir
uit and layout design is montly handwork

• No 
onstraints on design pro
ess

• Very 
ompa
t design, but very limited CAD

e.g. DRAM, analoge...

Semi Custom

• Cell Based:

- Standard 
ells, ma
ro
ells (Design elemt 
ell

with prede�ned fun
tionality, timing an layout

stru
ture)

• Array based:

- Pre-di�used: gate arrays, sear of gates

- Pre-wired: antifuse based, memory based

• Fun
tional design and layout generation auto-

mated

• Te
hnology independent design

5.1 Semi Custom - Cell based:

Library Con
ept:

HDL

RTL Syn.

Netlist

Logic opt.

Netlist
Library

Phys. Des

Layout

Desgin iteration

Standard Cells:

• Designed and 
hara
tarized as a �full 
ustom�

design

• High degree of automation (synthesis, pla
e &

route, all 
ells have same height...)

Library Con
ept for Standard Cells:

• Fun
tional timing, power and ele
tri
al behavi-

or are prede�ned and stored in library

• Typi
al library 
ontains severel hundreds of


ells (NAND, NOR, MUX, FF ...) with area-

performan
e and power-optimized 
ell instan
es
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Examples for Standard Cells:

Z = ABC

Z = A · B = A + B

Feedthrough cell

Routing
channel

Func.
Modul
(ram...)

Hard Ma
ro

ells:

• Provide fun
tionality and predetermined phys.

design

• Predi
table performan
e and power dissipation

• Dense layout but te
h. dependent

• e.g. Memory, Multiplyer, embedded pro
essors

Soft Ma
ro
ells:

• Physi
al layout is generated by synthesis for

ea
h instan
e

• Limited predi
table performan
e

• Easy to port to di�erent te
h.

5.2 Semi Custom - Array based:

Array Con
ept:

• Redu
ing fabri
ation 
ost

• Partly or 
ompletely prefabri
ated 
omponents

• Late binding implementation (personalization)

• Personalisation by:

a) Metalization (pre di�used) Gate Arrays

b) Programming (pre wired) FPGA

Gate Arrays:

• Simpli�
ation of std. 
ells → all 
ells are iden-

ti
al

• Personalisation only via metallization

• Number of 
ells rows and wiring 
hannels are

�xed

Sea-of-Gates:

• Same as Gate array but 
ell is a single transistor

• Numbers of rows and 
hannels are not �xed.

The 
hip is 
overed by transistors and the wires

are routed over transistors.

Programmable Prewired Con
ept:

• Allows personalization of IC's without fabri
a-

tion steps

• Programming one by the user (VHDL...)

• Less 
osts for low quantities (<10000)

Programmable Logi
 Devi
es:

• PLA/PAL: Programmable Array Logi
 (2-

Stage-Logi
)

• CPLD: Complex Programmable Logi
al Devi-


e (PLA+FF for simple sequential logi


• FPGA: Field Programmable Gate Array (Ge-

neri
 Ma
ro
ells: LUT or MUX) support for

high 
omlex sequential logi


PLA & PAL

• Pre fabri
ated building blo
k of many and/or

gates

• Personalisation by making or breaking 
onne
-

tions among the gates)

PLA: AND and OR are �lly programmable

PAL: AND is programmable or is �xed fabri
ation

Array of

AND

Array of

OR

Sum of products
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FPGA:

• Set of programmable ma
ro 
ells

• Programmbale inter
onne
tion Network

• Programmable Input and Output

→ Fully user programmable

(Only the stru
ture is vendor dependant)

State-of-the-Art FPGA's 
ontain embedded IP blo
s

for performan
e e�
ien
y (DRAM, CPU, Multi-

plier...) these are 
alled Hybrid FPGA's

FPGA Programming Te
hnologies:

SRAM: (XILINX)

S S S S

M
U
X

S

Programmable CellsWire Interconnection

SS

S

LUT

SRAM

Antifuse: (ACTEL)

Antifue presents normaly hih inpedan
e state an 
an

be fused into low impedan
e state by a high program-

ming voltage.

+ Small area

+ Lower para
iti
s

+ No information loss wehn power o�

- No repogramming

LUT Fun
tion Generator:

A k input LUT 
an implemet 22
k

di�erent fun
tions

and has 2k SRAM 
ells.

b
0
1
0
1

a  b

a  b
a

b

0

1

1

0

LUT
a
0
0
1
1

0
1
1
0

MUX fun
tion Generator:

Using Shannons Expansion Theorem allows to im-

plement fun
tions with multiplexers. (Fun
tions with

negatoin of both input variables are not realizable

12/16)

f(x1, ..., xn) = xi·f(x1, .., 1, .., xn)+xi·f(x1, .., 0, .., xn)

o

11

y

x

x+y

6 Cir
uit Te
hniques:

The Real Inverter:

NMOS lin
PMOS sat

VM

inV

outV

VIL VHL

NMOS off
PMOS lin

NMOS sat
PMOS lin

NMOS lin
PMOS off

Properties: VOH ≡ logi
 1

VOL ≡ logi
 0

if:

Vin <= VIL → Vout = VOH

Vin >= VHL → Vout = VOL

else: Degradation!

Solution: Regenerative Property Series 
onne
-

tion of a even 
ount of inverters lead to a regeneration

of the signal.

→ Noise robustness!
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Complementary MOS Logi
:

A 
omplementary CMOS logi
 
onsists of a pul-

lup and a pulldown network 
on
erning a de�nded

output. Pullup and pulldown have following dualism::

FON = FOFF

A parallel 
onne
tion in PDN is equivalent to a serial


onne
tion and vi
e versa.

• Only inverting fun
tions

• Implementation 
ontains redundan
y

• No stati
 
urrent bea
use F is either 
onne
tet

to Vdd od GND.

• Logi
 behavior independent of dimension

• large SNR

CMOS Inverter:

F

1

A

Pullup

Pulldown

Fanin of n requires 2n Transistors

(n Ntype + n Ptype)

Passtransistor Logi
:

• Cir
uit is built up of transmission gates

• Problem: level degradation of NMOS-

transistors and PMOS-transistors

• Redu
tion of area by use of only NMOS-

transistors

→ A level restorer is needed! (Inverter and a

PMOS-pullup transistor)

XOR with Passtransistor Logi
:

A    B

A

B

B

B

A

B

Dynami
 CMOS Logi
: Dynami
 CMOS logi
 re-

lies on temporary storage of signal values on a 
apa-


itan
e.

• Only implementation of a PUN or PDN

• No stati
 power 
onsumption

• Clo
k required, two phases:

Pre
harge: CLK=0

Evaluation: CLK=1

• High swit
hing speed

Problem:

Cas
ading: 1→0 Transition 
auses a 1-level degrada-

tion in following gate. Solution: insert Inverters at

input and outputs (Domino Logi
)

Example:

Pulldown

1

CLK

CLK

I

F

Only n + 2 transistors required with 2 inputs.

7 Sequential Cir
uits:

Storage Me
hanism: Positive Feedba
k

Q

RS

O

1
O

1
Stable

Unstable

Stable

Di�erent Types of Flip-Flops
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CMOS Implementation: (SR-FF)

R

CLK

1

Q
Q

CLK

R
CLK

S

Only 6 Transistors
(SRAM)

Charge based Storage Te
hnique: (D-FF)

CLK

CLK

D D’

CLK

CLK

Optimization: Remove Feedba
k and use pass tran-

sistors. → Problem: level degradation, overlapping of

CLK and CLK (D → D')

D

CLK CLK

1
Level
   Restorer

Degradation

D’

Solution: Use NMOS and PMOS pass transistor and

a level restorer.

C
2
MOS

1 1

CLK

CLKCLK

CLK

0 01
1 0 1

Works even if both 
lo
king phases are overlapping

Flip Flop Delays:

• tSetup : minimum time data stable before 
lo
k

• tHold : minimum time data stable after 
lo
k

• tpFF : time that FF needs to have stable data

on output

Clo
k Skew:

CLK

S
hmitt Trigger:

VOH

OL
V

VVM− M+

Hysteresis for Noise suspression

Multivibrators: Flip Flop Delays:

• Bistable 2 stable states (FF, ST)

• Monostable 1 stable stae (pulse generator D-FF

with XOR)

• Astable: No stable states (Os
illator odd series

of Inverters)

Pipelining:

E�
ient te
hnique to in
rease throughput in streaming based appli
ations (audio, video...)

A B C D

A B C D

A B C D

A B C D

A B C D

A B C D

Time

With pipelining:

Time

Without pipelining:
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8 Memory:

Memory Classi�
ation:

EPROM
EEPROM
FLASH

ROM
Mask programmed
Programmable

Memory

Read−Write Read−Only

Volatile

Random Nonrandom
FIFO/LIFOSRAM

DRAM Shift register

Nonvolatile

Adress De
oder:

D
E
C

2K=log  N

Word 0

Word 0

Word N−1

Word N−2

A0

...

...

Storage− 
cell

M bits

AK−1

A address de
oder redu
es the external address si-

gnals to k = log2(N)

Two Stage De
oder:

Row de
oder : sele
t word line with multiple words

Colum de
oder : sele
t memory word.

D
E
C

...

D E C

...

Block

D
E
C

...

D E C

...

Block

D
E
C

...

D E C

...

Block

D
E
C

...

D E C

...

Block

Powersaving due to a
tivating only the needed blo
k.

Shorter wired within ea
h blo
k.

NOR and NAND ROM:

1

BL1 BL2 BL3

1

BL1 BL2 BL3

0

0 0

1 1

1

1 1 1

1

BL1 BL2 BL3

0

0 0

1 1

1

1 1 1

1

1 1

0 0

0

0 0 0

NOR NAND

NOR: WL a
tive = 1

NAND: WL a
tive = 0

Ele
tri
al Erasanle Programmanle ROM:

(EEPROM ∼ FLASH)

Symbol Programming

3,2V9V

Programmed

Programming: High programming voltage, ele
trons

a

umulate on the �oating gate. By removing the pro-

gramming voltage the ele
trons are trapped in the

�oating gate → VTH is in
reased.

Reading: Reading the Gate wirh 1,8V: the transistor

remains swit
hed o� due to in
reased VTH

Erasing: UV-Light (ele
trons �ow ba
k) or high VDG

ele
trins tunnel to drain (Dowler Nordheim e�e
t)

SRAM:

Q

1

WL

Q

BL BL

DRAM:

BLwrite BLread
WLwrite
WLread

Precharged
to Vdd

3 Transistor DRAM 1 Transistor DRAM

3-DRAM:

Write : Capa
itor is 
har
ed via BLwrite.

Read : BLread is pre
harged to Vdd, dependant on


apa
itor BLread is dis
harged

1-DRAM:

Write: voltage at 
apa
itor is redu
ed by VTH of

MOSFET. Solution: word line boost

Read : Destru
tive Reading: information is destroyed

during reading due to 
harge sharing between 
apa
i-

tor and bit line 
apa
ity. There are also leakage 
ur-

rents: refresh me
hanism ne
essary.
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9 Arithmeti
 Modules:

Fulladder:

S = (a ⊕ b) ⊕ cin

cout = a · b
︸ ︷︷ ︸

generation

cin · (a ⊕ b)
︸ ︷︷ ︸

propagation

Ripple Carry Adder:

Carry 'ripples' trough the adders. Problem: 
riti
al

path from C0 to C4. To shorten 
riti
al path in 
arry


hain invert all inputs and outputs. (Redu
es 
ount

of inverters)

Carry Look Ahead Adder:

Logi
 blo
k whi
h 
al
ulate the 
arrys for every ad-

der:

• Large Fanin/Fanout

• Area grows progressively with N

Multiplier:

X · Y =

m−1∑

i=0

n−1∑

j=0

xi · yi · 2
i+j

10 Mis
ellaneous:

Level Degradation: Example

V
TH

1

1−degratation

V  − V
THV

dd
dd

G

s

D

Swit
h a '1' with NMOS. At the beginning the 
on-

du
tor is a short-
ir
uit and VDS = Vdd After a while

the 
ondu
tor rea
hes the Voltage greater Vdd − Vth

so VGS < Vth and the Transistor is open.

Velo
ity Saturation:

vx == µ ·
VDS

L
= µ · Ex

Mos Capa
itys:

V
dd

GateSource

Overlap

Gate

Diffusion

2009 by Matthias Jung. No guarantee for 
orre
tness! (www.jung.ms)
10


