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VLSI	Design

• Chips,	logic	gates	and	transistors

Intel’s	Xeon	Chip

A B

B

A

S
Ci

process(clk)
begin
if (clk’event and clk=‘1’) then
A <= B + C;
S <= A * D;

end if;
end process;

#pragma hls_design top 
void my_design (int *a, int *o) { 

static int i,j;
for(i=1; i<=n-1; i++) 
 for(j=1; j<=n-1; j++) 
a[i][j] = (a[i-1][j]+a[i][j]+a[i][j-1])/3.0; 

…
}
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Key	Questions

• A	deep	dive	into	processors… (I	hope not	too deep)
• What	is	CMOS?		How	basic	logic	gates,	registers	and	
memory	are	designed?	

• How	to	calculate	the	delay	and	the	maximal	
frequency?

• How	much	power does	my	processor	consume?
• What	can	advanced	semiconductor	technology
bring?

• Are	(homogeneous)	multicores	the	right	solution	
for	performance	or	energy	efficiency?
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Outline

• The	Fundamental	Element:	MOSFET	Transistor	
• Design	of	CMOS	Cells:	Combinatorial	Logic
• Memory	Cells
• Delay	
• Power	Consumption
• Synchronous	Design
• Technology	Scaling	(Moore’s	Law	revisited)
• Multicore:	power	and	utilization	walls
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Fundamental	Building	Block:	
MOSFET	Transistor	

Intel’s	Xeon	Chip

GNow several billions or transistors

L: length

W: width

tox

n+ n+

Cross section

Gate oxide

L

Top view

Polysilicon gate

G

S

D

S D

MOSFET: Metal Oxide Silicium Field Effect
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The	Basic	Element:	Transistor

• Transistor	as	a	switch

• Vgs >	Vt:	NMOS	on
– Resistance	RDS

• Vgs <	Vt:	NMOS	off
– Leakage	Ioff

G

S

D

Ids

Vgs

Vt:	threshold	voltage

Ioff

• Gate:	capacitance	CG

CG

• Switch:	resistance	RDS
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The	Basic	Element:	Transistor

• Cutoff	or	sub-threshold	
mode:	

VGS <	Vt

RDS » +¥

• Saturation	mode:
VGS >	Vt and	VDS >	VGS - Vt

– A	channel	is	created	which	allows	
current	to	flow	between	the	drain	
and	the	source

• Simple Transistor RC Model • Simple Wire RC Model MOSFET Fabrication

NMOS Transistor

Cutoff: Vgs = 0V, Vds can be 0V or Vdd
No Channel, Ids = 0

Linear: Vgs = Vdd, Vds = 0V
Channel Formed, Ids increases with Vds

Linear:  Vgs = Vdd, Vds = Vdd
Channel Formed, Ids increases with Vds

0 < Vds < Vgs - Vt

Saturation: Channel Pinched Off,
Ids independent of Vds

Vds > Vgs - Vt

Adapted from [Weste’11]

ECE 5745 T02: CMOS Devices 6 / 33

• Simple Transistor RC Model • Simple Wire RC Model MOSFET Fabrication

NMOS Transistor

Cutoff: Vgs = 0V, Vds can be 0V or Vdd
No Channel, Ids = 0

Linear: Vgs = Vdd, Vds = 0V
Channel Formed, Ids increases with Vds

Linear:  Vgs = Vdd, Vds = Vdd
Channel Formed, Ids increases with Vds

0 < Vds < Vgs - Vt

Saturation: Channel Pinched Off,
Ids independent of Vds

Vds > Vgs - Vt

Adapted from [Weste’11]

ECE 5745 T02: CMOS Devices 6 / 33
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MOS	Transistor	Models
• W: gate width
• L: gate length
• tox:	oxyde width	(#L/10)
• K	=	µ.e.W/(tox.L)	=	µ.Cox.W/L	=	k	W/L
• Cox:	gate	oxide	capacitance	per	unit	area
• µ:	charge-carrier	effective	mobility

NMOS	(electrons)	µN =	500	cm2/V-sec	#	2	µP	
PMOS	(holes)	µP =	270	cm2/V-sec	

• e:	oxyde permittivity	#	4	e0 =	3.5	10-13 F/cm	

– K defines	transistor	speed, K∝W/L,	KNMOS~2.KPMOS

– Temperature	increases	→ µ	decreases

L

W
tox

Oxyde
N/P	Diffusion

channel

Source Gate
Drain

G

S

D
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NMOS	Parasitic	Elements

• Drain-Source	Resistance:
• Gate	Capacitance:
• Drain/Source-Bulk	Cap.:	

tox

n+ n+

W
L

• Simple Transistor RC Model • Simple Wire RC Model MOSFET Fabrication

Key Qualitative Characteristics of MOSFET Transistors

Cg

Reff
Cd

Cd

6.375 Spring 2006 • L04 CMOS Transistors, Gates, and Wires • 7

Key qualitative characteristics of 
MOSFET transistors

• Threshold voltage sets when transistor turns on – also impacts leakage
• IDS is proportional to mobility x (W/L)
• NMOS mobility > PMOS mobility => ReffN < ReffP (assume mobility ratio is 2)
• Increase W = Increase I = Decrease Reff

• Increase L = Decrease I = Increase Reff

• Cg proportional to ( W x L ) and Cd proportional to W

Width

Length

Cg CdReff

VoutVin

I Vt sets when transistor turns
on, impacts leakage current

I Id / µ⇥ (W/L)

I µn > µp =) RN,eff < RP,eff

I Cg / (W ⇥ L)

I Cd / W

I " W = # Reff = " Id = "
Cd ,Cg

I " L = " Reff = # Id = " Cg

ECE 5745 T02: CMOS Devices 8 / 33

G

S

D

RDS

Cg

Cdb

Csb

RDS = L
W

1
k(Vdd�Vt)

C
g

= ✏W.L

t

ox

= W.L.C
ox

Cdb = Csb ⇡ W.L.Cj

Delay / RDS .Cg / L2

V dd�V t

CG

Cdb/sb
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Transistors

• Bulk	CMOS

• Ultra	Thin	Body	(FD)	– SOI
– Total	dielectric	isolation	

• Lower	S/D	capacitances	&	leakages	
• Latch-up	immunity

– Improved	VT	variation	
– Promoted	by	STMicroelectronics

L
W

tox

Oxyde
N/P	

Diffusion

channel

Source Gate
Drain

Planar FDSOI Transistor Advantages 

February 2012 Technology R&D 

• Total dielectric isolation 
– Lower S/D capacitances 
– Lower S/D leakages 
– Latch-up immunity 

 

• Ultra-thin Body (TSi~1/3LG) 
– Excellent short-channel immunity  

• low SCE, DIBL 
• No channel doping, no pocket implant 

– Improved VT variation 

• Ultra-thin BOX option 
– Back-bias control 

• Ground-plane implantation 
– VT adjustment 

Thin Silicon Channel 

10 FDSOI/UTBB Structure 

gate

Thin Silicon film

 

UTBB-SOI : Ultra Thin Body (FD) and BOX SOI  

February 2012 Technology R&D 

9 
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Simple Transistor RC Model Simple Wire RC Model • MOSFET Fabrication •

FinFET Transistors

I Small footprint, but good control of the gate
due to using the vertical dimension

I Intel is using FinFETs
in 22 nm process

Adapted from [Weste’11]

ECE 5745 T02: CMOS Devices 31 / 33

Transistors

• Intel	FinFET:	transistors	go	3D
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NMOS/PMOS	Transistors	

• NMOS
– A	‘0’	is	well	transmitted
– A	degraded	‘1’	is	
transmitted	(Vdd-Vtn)

• Vgs <	Vtn

• Vgs >	Vtn

• PMOS
– A	‘1’	is	well	transmitted
– A	degraded	‘0’	is	
transmitted	(Vss+|Vtp|)	

• Vgs <	|Vtp|

• Vgs >	|Vtp|
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Outline

• The	Fundamental	Element:	MOSFET	Transistor	
• Design	of	CMOS	Cells:	Combinatorial	Logic
• Memory	Cells
• Delay	
• Power	Consumption
• Synchronous	Design
• Technology	Scaling	(Moore’s	Law	revisited)
• Multicore:	power	and	utilization	walls



14

Combinatorial	Logic	Cells

• Complementary Logic (CMOS)
– CMOS	Static Logic

Logic	CellE S	=	f(E)

S

CMOS	Inverter

Id

Vdd

Vss

E
S	=	1E	=	0

Rp

Rn CL

E	=	1 S	=	0
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NAND	and	NOR

A B

B

A

S

NOR

A B S
0 0 1
0 1 0
1 0 0
1 1 0

B
A

S

A B

B

A

S
NAND

A B S
0 0 1
0 1 1
1 0 1
1 1 0

B
A

S
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Complex	gates

• One	CMOS	stage	can	generate	any	sum-of-product	
or	product-of-sum:
S	=	f(E1,E2,...,EN)	=	SUM	[PROD]	=	PROD	[SUM]	

P

N

E0
E1
E3
E4

S
S	=	1

S	=	0
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General	rules	for	constructing	F(X)

F N	network P	network

X

F1.F2

F1+F2

XX

F1

F2

F1

F2
F1 F2

F1 F2
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Static	Logic

• Examples
– Direct	application	of	the	design	rules

• Example:	S	=	A.B	+	C.D
• AOI	(And-Or-Invert)	gate

• Multiple-Stage	Complex	Functions
– Optimisation	of	the	logic	equation
– Trade-off	between	speed	and	area
– S3	=	A.B.C.D
– S4	=	!A.B+A.!B	(XOR)

B
A

S
D
C
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Pass-Transistor	Logic	

• Switch	or	Transmission	Gate

• Example:	2-input	multiplexer

• Example:	XOR

NMOS PMOS

0 0
1 #1	

0 #	0	
1 1	

C

!C
E S

C

E S

A	if	C	=	0
B	if	C	=	1

A
B

S S	=

C
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Outline

• The	Fundamental	Element:	MOSFET	Transistor	
• Design	of	CMOS	Cells:	Combinatorial	Logic
• Memory	Cells
• Delay	
• Power	Consumption
• Synchronous	Design
• Technology	Scaling	(Moore’s	Law	revisited)
• Multicore:	power	and	utilization	walls
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Elementary	Memory	Cells

• Static	Memory	Basic	Cell:	Latch D Q QD

Clk
En

Q

Clk

D

Clk

D

Clk
 
 Q

QD

Clk =	0:	D	is	disconnected,	Q	is	fed	back

Clk =	1:	Q	samples	D

QD
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Elementary	Memory	Cells

• Dynamic	Memory	Cell
– MOS	Capacitor:	Cl	=	f(area)
– State	(‘1’)	(voltage	level)	is	stored	for	few ms

• Leakage	current
• Need	for	refreshing	state

• Ex.	Shift	Register

C

D

Cl

Q

C1

D Q

C2

C1 

C2
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Sequential	Logic	Circuits

• D	Flip-Flop	(edge-triggered)
– Two	latches	in	series

– D	is	sampled	in	inverter	(1)	when	clk =	0
– Latch	(1)	and	(2)	keeps	D	value	when	clk =	1	until	!D	is	
transferred	to	second	latch	(3)	and	(4)	

– Asynchronous	clear	signal:	replace	inv.	(1)	and	(4)	by	NAND

QD

clk

clk

clk

clk

Q

1

2

3

4

clear

D Q QD

clk
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Memory

• L2	Cache	contains	4	Millions	SRAM	cells
– Raw/column	of	2000	cells

Bit	line2L-K

Word	line

A K

A K+1

A L-1

A 0

M.2K

A K-1

Sense	amplifiers-Drivers

Column	decoder

Input-Output
(M bits)

Ro
w
	d
ec
od

er

Storage
Cell
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6-Transistor	CMOS	SRAM	Cell	
• Latch	where	WL	replaces	clock
• Dual-rail bit-lines	required	to	increase	noise	margin	during	R/W
• WL	selection:	WL[i]	=	1
• Write	0:	BL=0	et	!BL=1	Û Reset	of	Latch
• Read:	BL	et	!BL	pre-charged	to	1,	WL	selection	->	BL=Q	and	!BL=!Q

– Sense	amplifiers	will	act	as	a	comparator	to	increase	speed	of	Latch	value	to	output

WL

BL

VDD

M5 M6

M4

M1

M2

M3

BL

Q
Q
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3-Transistor	DRAM	

• 2	lines	WL	and	BL:	read	and	write	
• No	amplification

WWL

BL 1

M 1 X

M 3

M 2

CS

BL 2

RWL

V DD

V DD 2 V T

DVV DD 2 V TBL 2

BL 1

X

RWL

WWL
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Outline

• The	Fundamental	Element:	MOSFET	Transistor	
• Design	of	CMOS	Cells:	Combinatorial	Logic
• Memory	Cells
• Delay	
• Power	Consumption
• Synchronous	Design
• Technology	Scaling	(Moore’s	Law	revisited)
• Multicore:	power	and	utilization	walls
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Simplified	Delay	Model

S

CMOS	Inverter

Id

Vdd

Vss

E
S	=	1E	=	0

Rp (Rp #	2.Rn)

Rn CL

E	=	1 S	=	0

• Rising	Output:	tplh =	Rp.CL
• Falling	Output:	tphl =	Rn.CL
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Delay	of	Complex Gates

Ek

E1

S

E1 Ek

S

Ek

E1

E1 Ek

tplh =	
tphl =	

tplh =	
tphl =	

k-input	NAND k-input	NOR
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Transistor	Sizing

• Complex	function
– F	=	

– Tplh =	
– Tphl =	

– Indicate	critical	path
– Which	input	values	give	the	
best/worst	case	delay? B

F

A

Vdd

C
D

A

2  

4   

4   4   

6   D

12  B
6   

12  C
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Logic-Level	Delay	Model

• Fan-In	(or	Drive):	relative	to	size	of	transistors	
– Basic	inverter	is	1x

• Fan-Out:	ratio	between	load	capacitance	and	drive
• Relative	Fan-Out	(RF):	ratio	between	fan-out	and	next-
stage	fan-in

1x	
Drive

Cmin

Porte					FIN					FOUT					RF
A 3											4								4/3
B 2
C														1
D														1

2x

1x

1x

A

B

C

D

3x



32

Logic-Level	Delay	Model

• Tp =	transport	delay	+	inertial	delay	=	TD	+	ID
• ID	=	RF.UD
• Equivalent	to	Tp =	RDS[Cint +	Cext]

Fan-out

Tp

1																2															3

Tp =	TD	+	RF.UD
UD:	unit	delay

TD:	transport	delay



33

Outline

• The	Fundamental	Element:	MOSFET	Transistor	
• Design	of	CMOS	Cells:	Combinatorial	Logic
• Memory	Cells
• Delay	
• Power	Consumption
• Synchronous	Design
• Technology	Scaling	(Moore’s	Law	revisited)
• Multicore:	power	and	utilization	walls
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Power	Consumption	

• Dynamic	power:	Pdyn
– Charge	and	discharge	of	node	capacitance

• Short-circuit	power:	Psc
– Short	circuit	path	in	logic	cells	(Vddè Vss)	during	
commutation	

– Strongly	depends	on	rising	time	and	on	Vth	(NMOS/PMOS)
• Static	power:	Ps

– Sub-threshold	leakage	current	(~OFF)
– Source/Drain-Bulk	junction	leakage	 Vdd

Idd =	Isc +	Ic

IcIsc

Cl
P	=	Pdyn +	Psc +	Ps
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Dynamic	power

• Energy	per	transition	=	CL Vdd2

• Power	=	Energy	per	transition	x	rate	of	transition
Pc	=	CL Vdd2 f0->1
Pc	=	CL Vdd2 f	Prob0->1
Pc	=	a CL Vdd2 f			

Data	dependant
Activity	dependant

Power

Pc	=	a.f.CL.Vdd2
a:	activity,	CL:	total	load	capacitance,	f	:	frequency



36

Activity

• Activity	ai is	the	probability to	have	a	0→1
transitions	at	the	output	of	a	gate

• Example:	AND	gate
– PS =	P(S=1)	=	PAPB
– ai =	PS(1- PS)

• Activity	propagation

A B S
0 0 0
0 1 0
1 0 0
1 1 1

B
A

S

1/2

1/2 1/4
a=3/16

B
A X

C
S1/41/2
1/8
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Propagating	Activity	is	not	So	Simple

• Conditional	probabilities

• Glitches:	gate	delay
– Significant	in	arithmetic

B
A X

C
S1/41/2
1/8

B
A X

S1/41/2
1/4

1
1
0

1
0
1

1

0

0

0

Glitches
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Example:	Adder

0 5 10
0.0

2.0

4.0

Time, ns

S
um
 O
ut
pu
t V
ol
ta
ge
, V
ol
ts

Cin

S15

S10

6

5

4

3

2S1

Add0 Add1 Add2 Add14 Add15

S0 S1 S2 S14 S15

Cin

V
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Static	Power:	Leakage

• High	performance • Low	leakage
Id

Vg

Vt (high)

Ioff

Id

Vg

Vt (low)

Ioff

P
stati = N.I

o↵

.Vdd

Ioff:	Sub-threshold	Leakage	Current
– Exponential	in	inverse	of	Vt
– Exponential	in	temperature
– ~Linear	in	device	count	
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Sum-up:	Power	at	Gate	Level

A B

B

A

S
Ci

Pi = ↵i.fi.Ci.Vdd2 + Ileaki .Vdd P =
X

i

⇥
↵i.fi.Ci.Vdd2 + Ileaki .Vdd

⇤
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Power	vs.	Performance

• Delay	of	a	gate

• Dynamic	power	

• Leakage	power

A B

B

A

S

A B S
0 0 1
0 1 1
1 0 1
1 1 0

B
A

S

Ci

P
stati = N.I

o↵

.Vdd

Pdyni = ↵i.fclk.Ci.Vdd2

Delay / RDS.Ci

/ Relative FanOut

Vdd � Vt
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Dynamic	Power	vs.	Performance

• Decreasing	Vdd reduces	power	but increases	delay

0

1

2

3

4

5

6

0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4
Supply voltage (VDD)

R
el

at
iv

e 
D

el
ay

 t d

0

2

4

6

8

10

R
el

at
iv

e 
P d

yn

Pdyni = ↵i.fclk.Ci.Vdd2

Delay / 1

Vdd �Vt
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Minimum	Energy	per	Operation

• Putting	all	together
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P	=	α f	CL VDD
2 +	VDD Ipeak (P0®1 +	P1®0 ) +		VDD Ileak

Dynamic power
(≈ 40-70% today 
and decreasing 

relatively)

Short-circuit power
(≈ 10% today and 

decreasing 
absolutely)

Leakage power
(≈ 20-50% today 
and increasing)

Conclusion:	Power

powerstaticrate
operation
energyP +´=
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Reducing	Power

• Power	gating,	multi-Vt
• Clock	gating
• Vdd scaling

– Parallel,	pipeline
• Activity	reduction

– Pre-computation,	correlation,	encoding

• Glitch	Power	Reduction

Virtual Vdd

sleep Switch
Cell

Vdd

Logic
Cell
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Dynamic	Power	Management

• Dynamic	Voltage	and	Frequency	Scaling	(DVFS)
• Reduce	speed	(clock	freq.)	and	Vdd depending	on	
processor	activity

After

Before

TimePr
oc

es
so

r S
pe

ed

IDLE

E=CVH2+Eidle

E=CVL2



47

Outline

• The	Fundamental	Element:	MOSFET	Transistor	
• Design	of	CMOS	Cells:	Combinatorial	Logic
• Memory	Cells
• Delay	
• Power	Consumption
• Synchronous	Design
• Technology	Scaling	(Moore’s	Law	revisited)
• Multicore:	power	and	utilization	walls
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Timing Parameters

• D	Flip-Flop
– Setup	Time:	Tsetup
– Hold	Time:	Thold
– Propagation	Time:	Tp
– on	Clock	and	Reset

D Q

Qr

s
D

CP

Q
QN

SetB

ResetB
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Synchronous	Circuits

Fl
ip
-F
lo
p

Data

Fl
ip
-F
lo
p

Combinational
Logic

PLL
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Synchronous	Circuits

• Two	competing	paths
– Launching	path
– Capturing	path

Fl
ip
-F
lo
p

Data

Fl
ip
-F
lo
p

Combinational
Logic

PLL

Tclk Tlaunching_path < Tcapturing_path + Tclk
Clk_tree + Tcomb <   Clk_tree + Tclk

Tcomb <  Tclk (no clk skew)

Tcomb
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Critical	Path

• All	circuits	have	a	maximal	frequency,	which	is	given	
by	finding	its	critical	path	
– Data	must	be	stable	when	sampled	by	the	clock

• Tcp:	critical	path	delay	of	the	logic

• Maximal	Frequency

Tcp = MAX
∀i

(Di ), with Di  Delay of path i

Fclkmax =
1

Tcp +Tp +Tsetup
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Critical	Path	in	Processor	Pipelines

• A	typical	(yet	simple)	processor	pipeline

 

134

 

Chapter 3   Pipelining

 

when we consider the effect of branches, which changes the PC also, but not until
the MEM stage. This is not a problem in our multicycle, unpipelined datapath,
since the PC is written once in the MEM stage. For now, we will organize our
pipelined datapath to write the PC in IF and write either the incremented PC or
the value of the branch target of an earlier branch. This introduces a problem in
how branches are handled that we will explain in the next section and explore in
detail in section 3.5.

Because every pipe stage is active on every clock cycle, all operations in a
pipe stage must complete in one clock cycle and any combination of operations
must be able to occur at once. Furthermore, pipelining the datapath requires that
values passed from one pipe stage to the next must be placed in registers.
Figure 3.4 shows the DLX pipeline with the appropriate registers, called 

 

pipeline
registers

 

 or pipeline latches, between each pipeline stage. The registers are
labeled with the names of the stages they connect. Figure 3.4 is drawn so that
connections through the pipeline registers from one stage to another are clear. 

FIGURE 3.4 The datapath is pipelined by adding a set of registers, one between each pair of pipe stages. The reg-
isters serve to convey values and control information from one stage to the next. We can also think of the PC as a pipeline
register, which sits before the IF stage of the pipeline, leading to one pipeline register for each pipe stage. Recall that the
PC is an edge-triggered register written at the end of the clock cycle; hence there is no race condition in writing the PC. The
selection multiplexer for the PC has been moved so that the PC is written in exactly one stage (IF). If we didn’t move it, there
would be a conflict when a branch occurred, since two instructions would try to write different values into the PC. Most of
the datapaths flow from left to right, which is from earlier in time to later. The paths flowing from right to left (which carry the
register write-back information and PC information on a branch) introduce complications into our pipeline, which we will
spend much of this chapter overcoming. 

Data
memory

ALU

Sign
extend

PC

Instruction
memory

ADD

IF/ID

4

ID/EX EX/MEM MEM/WB

IR6..10

MEM/WB.IR

M
u
x

M
u
x

M
u
x

IR11..15
Registers

Branch
taken

IR

16 32

M
u
x

Zero?
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Clock	Skew

• Every	FF	receives	the	clock	edge	at	a	different	time
• Clock	routing clock

drive
Chip	Floorplan

zero	skew

large		skew small	skew

small	skew

– Light Speed: 300µm/ps
– Diagonal : 30 mm (21mm side)
– 100 ps
– 1 clock cycle @ 10GHz
– 5-10 clock cycles @ 1-2GHz
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Clock	Skew:	problems

• Skew	d can	be	negative	or	positive
– Reduction	of	maximal	frequency
– Maximal	skew	for	circuit	operation

• Worst	case	is	when	receiving	edge	arrives	late
– Edge	f ’	of	CLK2	should	not	violate	hold	time	of	D2
– Race	between	data	and	clock

D1 Q1 D2 Q2

CLK1

d
CLK2 tP1 +	MIN(tcomb)	>	d +	thold

d <	tP1 +	MIN(tcomb) - thold

D2
clk1
clk2

f f ’

Comb

Femax =
1

Tcc +Tp +Tsetup +δ
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Clock	Distribution

• Geometric	buffering

• Tree-based
Cl
oc
k

H-tree:	constant	skew	in	each	block	
with	equivalent	number	of	flip-flops

Module

Module

Module

Module

Module

Module

Main	Clock

Local	Clock

Buffering:	local	reduction	of	skew

1x 4x 16x

1x

1x

1x

1x

1x
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Outline

• The	Fundamental	Element:	MOSFET	Transistor	
• Design	of	CMOS	Cells:	Combinatorial	Logic
• Memory	Cells
• Delay	
• Power	Consumption
• Synchronous	Design
• Technology	Scaling	(Moore’s	Law	revisited)
• Multicore:	power	and	utilization	walls



57

Technology	Evolution	and	Scaling

1958

1971
2000

2010• 10	µm – 1971
• 6	µm – 1974
• 3	µm – 1977
• 1.5	µm – 1982
• 1	µm – 1985
• 800	nm – 1989
• 600	nm – 1994
• 350	nm – 1995
• 250	nm – 1997
• 180	nm – 1999
• 130	nm – 2001
• 90	nm – 2004
• 65	nm – 2006
• 45	nm – 2008
• 32	nm – 2010
• 22	nm – 2012
• 14	nm – 2014
• 10	nm – 2017
• 7	nm – ~2018
• 5	nm – ~2020
• and	then?
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The	First	Microprocessor

• Intel	4004
• 1971
• 400	kHz
• 4	bits
• 200	US$	(1200FF)
• 0,06	MOPS
• 10	microns
• 2300	transistors
• 640	addressable	bytes
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Microprocessor	Gallery
INTEL	4004	(1971)
4-bit	data
2300	transistors,			10	microns
0,06	MOPS,		108	kHz

INTEL	Pentium	II	(1996)
32-bit	data
5.5M	transistors,	0.35µ,	2	cm2

200	MHz,	200	MOPS,	3.3V,	35W	
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Microprocessor	Gallery
2010: NVIDIA Tegra 2 SoC
260M Tr, 40nm, 49mm2, 2 Cortex A9 1Ghz, 
300 Mhz (rest of the chip)

2000 : Intel® Pentium® 4 Processor
42M Tr, 0.18um, 1.5GHz – 3.6GHz
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Technology	Scaling

• Scaling	factor:	s
• Between	two	successive	generations:	s	#	0.7

250 nm 180 nm 130 nm
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Technology	Scaling

• Device	dimensions	W,	L,	tox:	s
• Transistor	density:	s2

• Speed	(before	power	wall…)
– Vdd,	Vt:	s
– delay:	s
– frequency:	1/s



63

Technology	Scaling

• Energy
– E	=	C.Vdd2
– Capacitances	C=W.L.Cox:	s
– Energy:	s3

• Power is	decreased	by	50%
– P	=	f.C.Vdd2
– Power:	s2
– Activity	is	supposed	constant

• But	this	is	for	a	constant	transistor	count!
– But…Transistor	density	(#Tr/cm2):	s2

• Power	Density
– And	power	supply	current	increases	a	lot

• 100W	at	1v	equals	to…?
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Technology	(Dennard’s)	Scaling

Device dimensions :
W, L, tox, junction depth

s

Transistor area (W.L) s2

Capacitance per unit area : Cox 1/s
Capacitances : C=WLCox s
Vdd, Vt s
Gate delay s
Power/gate s2

Power.delay product s3

Power density 1

• Scaling	factor:	s
• Between	two	successive	generations:	s	#	0.7
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Outline

• The	Fundamental	Element:	MOSFET	Transistor	
• Design	of	CMOS	Cells:	Combinatorial	Logic
• Memory	Cells
• Delay	
• Power	Consumption
• Synchronous	Design
• Technology	Scaling	(Moore’s	Law	revisited)
• Multicore:	power	and	utilization	walls
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And	then	came	the	“Power	Wall”

Source:  C. Batten, Cornell 

Power Density: 100 W/chip 
(~25W/cm2) is a limit
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and	the	“Multicore	Era”

• Increasing	performance	by	increasing	#	of	cores

Course Motivation Interconnection Network Basics Course Logistics

Examples of Multicore and Manycore Processors

ECE 5970 L01: Course Overview 9 / 29

–Source:  C. Batten, Cornell 



68

Moving	to	multicore

• 1	core@2GHz@1.2V@1W

• 1	core@1GHz@0.8V@0.25W	

• 2	cores@1GHz@0.8V@0.5W
• But…	twice	area	(and	not	so	simple)

• Advanced	technology	nodes?

2GHz
1W
1.2V

1GHz
0.22W
0.8V

1GHz

1GHz
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Technology	Scaling

28 nm 20 nm 14 nm

Classical	(Dennard’s)	scaling
Device	count	 S2

Device	frequency	 S
Capacitance,	Vdd 1/S
Device	power	 1/S2

Utilization 1

Corei

100W@f

Corei

50W@1.4.f

S
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End	of	Dennard’s Scaling

• Energy	efficiency	is	not	scaling	along	
with integration	capacity

Leakage	limited	scaling
Device	count		 S2

Device	frequency	 S
Device	power	(cap) 1/S
Device	power	(Vdd) ~1
Utilization 1/S2

Corei

100W@f

Corei

100W@1.4.f
(w/o)	leakage
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–D
ar
k	
Si
lic
on

–36% –51%–40%–17%–1%

0

5

10

15

20

45nm 32nm 22nm 16nm 11nm 8nm

Sp
ee
du

p

Historical	Scaling

ITRS	Scaling

Realistic	Scaling

–18
x

–7.9x

–3.7x

Multicore	and	Dark	Silicon

• Replace	dark	cores	with	specialized	
cores	(10-100x	more	energy	efficient)

–[Esmaeilzadeh et	al.,	ISCA’11]
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D-cache
6%

Datapath
38%

Reg. File
14%

Fetch/
Decode

19%

I-cache
23%

Energy	Cost	in	a	Processor

MIPS processor
91 pJ/instr.



73

Energy	Cost	in	a	Processor

• Fetching	operands	costs	more	than	computing

28nm
CMOS

500	pJ Efficient
off-chip	
link

16	nJ
DRAM
Rd/Wr

64-bit	DP
20pJ 26	pJ 256	pJ

1	nJ

256-bit
buses

50	pJ
256-bit	access

8	kB SRAM

[Dally,	IPDPS’11]
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D-cache
6% Datapath

3%

Energy
Saved
91%

D-cache
6%

Datapath
38%

Reg. File
14%

Fetch/
Decode

19%

I-cache
23%

Energy	Savings	in	Specialized	HW

MIPS baseline
91 pJ/instr.

Specialized core
8 pJ/instr.

[Goulding et	al.,	Hot	Chips’10]
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An	example:	BitcoinMining

Type Model Mhash/s Mhash/J Power	(W)

GPP Intel	Xeon	X5355	(dual) 22.76 0.09 120

GPP ARMCortex-A9 0.57 1.14 1.5

GPP Intel Core	i7	3930k 66.6 0.51 130

GPU AMD	7970x3 2050 2.41 850

GPU Nvidia GTX460 158 0.66 240

ASIC AntMiner S1 180.000 500 360

ASIC	 AntMiner S5 1.155.000 1957 590

FPGA Bitcoin Dominator	X5000 100 14.7 6.8

FPGA Butterflylabs Mini	Rig 25.200 20.16 1250
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Time	has	Come	for	Specialization

• Microsoft	Unveils	Catapult	to	Accelerate	Bing!	
– One	FPGA	per	blade	
– 6×8	2-D	torus	topology	
– High-end	Stratix V	FPGAs	

• Running	Bing	Kernels	for	feature	
extraction	and	machine	learning

• Increase	ranking	throughput	by	95%	at	
comparable	latency	to	software-only	

• Increase	power	consumption	by	10%	
• Increase	total	cost	of	ownership	by	

less	than	30%

Specialization: !
An idea whose time has come"

47&

•  One(FPGA(per(blade(
•  All(FPGAS(connected(in(half(rack(
•  6×8(2VD(torus(topology(
•  HighVend(StraXx(V(FPGAs((
•  Running(Bing(Kernels(for(feature(

extracXon(and(machine(learning(

Microsol&Unveils&Catapult&to&&
Accelerate&Bing!&

[EcoCloud&Annual&Event,&June&5th,&2014]&

Specialization: !
An idea whose time has come"

47&

•  One(FPGA(per(blade(
•  All(FPGAS(connected(in(half(rack(
•  6×8(2VD(torus(topology(
•  HighVend(StraXx(V(FPGAs((
•  Running(Bing(Kernels(for(feature(

extracXon(and(machine(learning(

Microsol&Unveils&Catapult&to&&
Accelerate&Bing!&

[EcoCloud&Annual&Event,&June&5th,&2014]&
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Towards	Heterogeneous	Multicores

Embedded	heterogeneous	
multicore

Custom IP

FPGA	accelerators	for	
HPC

• Embedded	and	High-Performance	Computing

• C	to	hardware	high-level	synthesis	boosts	
hardware	designer	productivity

Heterogeneous	
platforms
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Conclusions

• A	not	too	deep	dive	into	processors?
• Transistors,	logic	gates,	registers	and	memory
• Delay	and	maximal	frequency
• Power	is	data	dependent	and	dominated	by	data	
transfers

• Energy	efficiency	is	no	more	scaling	along	
with integration	density

• Efficiency of	hardware	specialization

• Dark	Silicon	is	an	opportunity
– Heterogeneous	manycore architectures
– Bring	a	new	demand	for	genuinely	high	level	synthesis	
tools and	(JIT)	compilers that	map	programs	to	
accelerators
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[Source: Intel]

On-Chip	Interconnect?

• Gate	delay	decreases	but…	wire	delay	increases
• Crossing	chip	in	5-10	clock	cycles
• Also	affected	by	noise…

• Metal	layers	to	
reduce	wire	delay

• Repeaters

• Towards	network-
on-chip
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Chips	go	3D!

• 3D	Integrated	Circuits
– Stack	Multiple	Dies

• Wire	Length	Reduction	
– Replace	long,	high	capacitance	wires	by	Through	
Silicon	Vias (TSVs)	

– Low	latency,	low	energy,	high	bandwidth
• Heterogeneous	Integration

– Image	Sensors,	Sensor	Network	Nodes
– Processor	+	Memory

Contexte et problématique 1.3. Technologies 3D

d’épaisseur), la résistance thermique verticale est négligeable. Ainsi, l’ordre d’empilement des
couches influe peu sur la température des couches profondes.

Acheminement de l’énergie

Le second problème à considérer est l’acheminement de l’énergie au sein des différentes couches.
Ce problème est déjà critique dans le cas d’un circuit mono-couche, et l’augmentation de la
densité d’intégration avec l’empilement tridimensionnel complexifie la situation. Il est nécessaire
de réserver une proportion importante de TSVs d’alimentation afin de garantir une perte de
tension faible dans les couches les plus élevées.

BULK
Micro-bumps

BULK
METAL LAYERS

Tier 4

HEATSINK

BULKTSVs

Micro-bumps

Tier 3

BULK

METAL LAYERS

PACKAGE

BULK
METAL LAYERS

TSVs I/Os + Power

TSVs

Bumps

Micro-bumps

Tier 1

Tier 2

Balls

PRINTED CIRCUIT

Figure 1.9 – Empilement de quatre couches avec le boîtier

En effet, comme montré dans la Figure 1.9 présentant un circuit à quatre couches, les entrées-
sorties sont connectées à la couche du dessous. L’alimentation traverse donc toutes les couches
pour alimenter celle du dessus. Les TSVs étant très fins (cf tableau 1.1), il est impératif d’en
mettre un grand nombre en parallèle afin d’atteindre une résistance très faible. La réduction des
pics de courant est un impératif afin d’éviter les phénomènes d’électromigration dans le réseau
d’alimentation comprenant les TSVs.

Variabilité des couches

Lors de la fabrication d’une puce, la qualité des procédés de fabrication peut varier dans le
temps. Ainsi, pour une même puce, les performances (fréquence maximale de fonctionnement et
consommation énergétique) des circuits produits varient d’un lot à l’autre. Elles varient égale-
ment au sein d’un même lot et en fonction de l’emplacement du circuit sur la plaque.

Lors de l’empilement de plusieurs couches de silicium, les couches peuvent provenir de lots
voire d’usines de fabrication différents. Ainsi, il n’y a aucune corrélation entre les performances
de chaque couche y compris s’il s’agit de circuits identiques. Cette problématique doit être prise
en compte lors de la conception de l’empilement afin d’éviter un nivellement par le bas des
performances du circuit 3D.

12
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3D	Heterogeneous	Multicores

• 3D	Optical Manycore Project

Optical Layer

Memory Layer
Accelerator Layer

Processing Layer

NoC


